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ABSTRACT 
Brachyspira is associated with mucohaemorrhagic diarrhea in pigs, though the 
pathogenesis and virulence factors behind the disease are not currently understood.  This thesis 
aimed to identify putative virulence factors of Brachyspira through a comparative genomics 
approach, and to determine the frequency of the occurrence of mixed Brachyspira species 
infections within clinical case material.  
“B. hampsonii” strain 30446 was originally isolated from colon contents of a pig with 
mucohaemorrhagic diarrhea, and through inoculation trials has been demonstrated to be 
pathogenic in swine. “B. hampsonii” strain KL-180 was isolated from a Lesser Snow Goose, and 
is remarkably genetically similar to strain 30446. However, inoculation trials indicate “B. 
hampsonii” strain KL-180 is not pathogenic in swine. Their differing pathogenicity, despite their 
genetic similarity, allows comparison to identify gene content differences, which may correspond 
to putative virulence factors. Genome sequences for each strain were available, and were 
annotated. The basic genome features of strain 30446 and strain KL-180 were similar, with an 
average nucleotide identity (ANI) of 97%. Comparison of the annotated genomes revealed genes 
unique to each strain. Any gene differences could be important to disease outcome, including 
hypothetical proteins. “B. hampsonii” strain 30446, contained a set of genes absent in strain KL-
180 which correspond to the Streptolysin S (sag) operon. The presence of this operon was 
confirmed with PCR and primers designed for each gene. The presence of this operon in 
pathogenic Brachyspira species, and absence in the non-pathogenic “B. hampsonii” strain KL-
180 supports the possibility of the operon being a virulence factor and contributing to disease 
outcome. 
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Current diagnostic methods implemented on clinical case material often indicate the 
presence of more than one Brachyspira species. It is not currently known if co-infection with 
multiple species is common, or if the presence of multiple species contributes to Brachyspira 
pathogenesis. To investigate the frequency of the occurrence of multiple species in Brachyspira 
clinical cases, deep sequencing of the nox gene target was used on clinical case material from 
Western Canada, Mexico and Brazil. Synthetically created communities were also sequenced, to 
provide insight as to what levels of Brachyspira can be detected through this method. Pigs with 
clinical disease were very frequently colonized by multiple species of Brachyspira. “B. 
hampsonii” was detected in pigs from both Mexico and Brazil, though often at very low levels. 
Canadian clinical cases were more diverse than those from Mexico and Brazil, and were dominated 
by a range of Brachyspira species. Sequencing of the synthetic communities revealed a negative 
primer bias towards “B. hampsonii” strain 30599 (Clade I). Strain 30599 may therefore be present 
at higher levels and be more widely distributed than demonstrated by current diagnostic methods 
based on PCR of the nox gene. 
The results of this thesis demonstrate that the sag-like operon identified through 
comparative genomics and found in pathogenic strains of Brachyspira may be a virulence factor. 
Additionally, mixed Brachyspira infections are commonplace within clinical case material, and 
multiple species may be involved in disease outcome.  
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1 Introduction and Literature Review 
1.1 Brachyspira-associated mucohaemorrhagic diarrhea 
Swine dysentery, or mucohaemorrhagic diarrhea, was first described in 1921 (Whiting et al., 
1921), though the causative agent was not identified until 1972. The agent was identified as a 
spirochete and was named Treponema hyodysenteriae (Glock et al., 1974; Harris et al., 1972). 
Classification of the genus of this spirochete was changed to Serpula, Serpulina, and finally to its 
current classification, Brachyspira (Ochiai et al., 1997; Stanton, 1992; Stanton et al., 1991). B. 
hyodysenteriae is considered the hallmark causative agent behind swine dysentery, although there 
are other species of Brachyspira with varying levels of pathogenicity in pigs.  
B. hyodysenteriae is a spirochete that is Gram-negative, oxygen tolerant, with 14-18 
periplasmic flagella per cell (Ochiai et al., 1997). Infection by B. hyodysenteriae results in swine 
dysentery, and is characterized by mucohaemorrhagic diarrhea, colitis, and lesions within the large 
intestine. Transmission of swine dysentery occurs via the ingestion of feces from an infected 
animal, and it is difficult to eradicate from swine production systems once Brachyspira has been 
introduced. Herds that are infected can display morbidity of 90%, and mortality of up to 30% 
(Harris and Glock, 1971).  Infected herds are not economically desirable as swine dysentery results 
in poor feed conversion and growth rates, increasing size variation of pigs within the herd (Harris 
and Glock, 1971).  
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1.1.1 Re-emergence of disease 
Due to increased biosecurity and the use of antibiotics, swine dysentery became rare in 
Canada but re-emerged in the late 2000s. Swine dysentery-like disease was described on a farm in 
Western Canada in 2009, but B. hyodysenteriae could not be detected in clinical samples (Harding 
et al., 2010). Using the NADH-oxidase (nox) gene target, sequencing of partial nox gene PCR 
amplicons identified the causative agent of this re-emergence to be an atypical Brachyspira sp. 
only 92% identical in nox sequence to any known species (Harding et al., 2010). Further analysis 
of clinical cases demonstrated an association between detection of this atypical nox sequence with 
mucohaemorrhagic diarrhea in pigs free from classically associated pathogens, such as B. 
hyodysenteriae (Harding et al., 2012).  
At the same time, atypical Brachyspira sp. associated with the re-emergence of disease 
were also described in the United States, and were related to the same atypical Brachyspira 
observed in Canada. Upon further investigation of the novel species through sequencing methods 
of the nox and rRNA genes, this new species could be resolved and the name “B. hampsonii” has 
been proposed (Chander et al., 2012). “B. hampsonii” can be further divided into clades I and II 
based on sequence data, however, clinical disease associated with either clade is indistinguishable 
(Costa et al., 2014b; Rubin et al., 2013a). 
1.1.2 Swine associated Brachyspira spp. and their pathogenicity 
Along with B. hyodysenteriae, there are six additional formally recognized Brachyspira 
species and species that lack formal nomenclature, that all vary in their pathogenicity to pigs (Table 
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1.1). B. hyodysenteriae is the traditionally associated causative agent of swine dysentery, and is 
associated with clinically severe disease (Harris et al., 1972). B. pilosicoli is pathogenic, though 
causes a mild colitis and diarrhea. Infection causes porcine intestinal spirochaetosis, characterized 
by watery mucoid diarrhea (Trott et al., 1996). B. pilosicoli also has been isolated and associated 
with similar disease outcomes of watery feces in poultry and humans (Margawani et al., 2004; 
McLaren et al., 1997; Stephens and Hampson, 2002). Disease in different animal species could be 
significant epidemiologically, and is an important zoonotic consideration. B. murdochii was 
considered a commensal in swine, though it has been associated with a mild colitis and watery 
diarrhea (Jensen et al., 2010; Osorio et al., 2013; Weissenbock et al., 2005). B. murdochii can 
account for a high prevalence of Brachyspira species detected in pigs (Komarek et al., 2009; 
Osorio et al., 2013), and it has been observed in the gut of healthy pigs (Patterson et al., 2013). 
The significance of B. intermedia, or the degree of disease it causes, is unclear. Originally B. 
intermedia was thought to be non-pathogenic in pigs, though has been associated with disease. 
The significance of B. intermedia is further complicated by great levels of diversity within the 
species which leads researchers to believe isolates currently defined as B. intermedia may contain 
multiple distinct species (Phillips et al., 2010).  
“B. hampsonii” is a novel species associated with the re-emergence of mucohaemorrhagic 
diarrhea in swine in Canada and the United States. Koch’s postulates were fulfilled by swine 
inoculation trials where pigs inoculated with clinical isolates developed mucohaemorrhagic 
diarrhea, and “B. hampsonii” was isolated from infected animals (Burrough et al., 2012b). “B. 
hampsonii” strains isolated from pigs in the US were inoculated as pure culture into mice and pigs 
and produced lesions similar to B. hyodysenteriae, indicating pathogenicity of the atypical species 
4 
 
(Burrough et al., 2012a; Burrough et al., 2012b). Further experimental inoculation trials 
established the pathogenicity of “B. hampsonii” clade I (Costa et al., 2014b), and “B. hampsonii” 
clade II (Rubin et al., 2013a; Wilberts et al., 2014). Clinical symptoms following the infection of 
“B. hampsonii” clade I and clade II were indistinguishable from those caused by B. hyodysenteriae 
in swine dysentery.
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Table 1.1. Summary of seven recognized Brachyspira species, and provisional species “B. 
hampsonii”.  
Taxon Host  Pathogenicity to pigs 
B. hyodysenteriae Pig Pathogenic 
B. innocens Pig Non-pathogenic 
B. intermedia Pig Non-pathogenic 
B. pilosicoli Pig, poultry, human Pathogenic 
B. murdochii Pig Non-pathogenic 
B. aalborgi Human Non-pathogenic 
B. alvinipulli Poultry Non-pathogenic 
“B. hampsonii” Pig Pathogenic 
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1.1.3 Global distribution of “B. hampsonii” 
Brachyspira survives in different environments and hosts, complicating the understanding 
of the distribution of these bacteria. Knowledge of the distribution of Brachyspira, including “B. 
hampsonii”, in Canada is incomplete as it generally relies on passive surveillance of diagnostic 
samples submitted by producers and veterinarians. Reservoirs for Brachyspira can include, but are 
not limited to, pigs, water, soil, rodents, and migrating waterfowl (Backhans et al., 2010; Boye et 
al., 2001; Jansson et al., 2004; Joens and Kinyon, 1982; Martinez-Lobo et al., 2013; Oxberry et 
al., 1998; Phillips et al., 2009; Rasback et al., 2007; Rubin et al., 2013b). Exacerbating the problem 
of Brachyspira control is that Brachyspira can persist in the environment outside of their host, and 
can survive in feces for 48 days at temperatures between 0 and 10°C (Chia and Taylor, 1978). 
“B. hampsonii” is primarily accountable for the re-emergence of disease in North America, 
and has been detected in pigs from both Canada and the United States (Chander et al., 2012; 
Harding et al., 2010; Mirajkar et al., 2015; Rubin et al., 2013a). “B. hampsonii” has also been 
isolated from pigs in Belgium and Germany (Mahu et al., 2014; Rohde et al., 2014). At the time 
of writing, the distribution of “B. hampsonii” in swine producing areas of South America and Asia 
is not known. 
Pig-associated Brachyspira spp. have been isolated from migrating waterfowl in Europe 
(Aller-Moran et al., 2016; Martinez-Lobo et al., 2013). One strain isolated from migratory 
waterfowl, AIS50, was used to experimentally inoculate pigs. All inoculated pigs shed “B. 
hampsonii”, and there was transmission of “B. hampsonii” from inoculated pigs to sentinel pigs, 
although clinical signs of swine dysentery occurred in only one of the five inoculated pigs (Aller-
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Moran et al., 2016).  In the Canadian Arctic, “B. hampsonii” was isolated from Lesser Snow Geese 
(Rubin et al., 2013a). One strain isolated from a goose in the Arctic, KL-180, was used to inoculate 
pigs, and results indicate the bacteria colonized the gut and was shed in feces, but did not produce 
clinical signs in pigs (Rubin et al., 2013a). Remarkably, “B. hampsonii” strain KL-180 and the 
pathogenic “B. hampsonii” strain 30446 are genetically similar despite their differences in 
pathogenicity. Based on nox and cpn60 gene sequences, “B. hampsonii” strain KL-180 and strain 
30446 were 99.9% and 99.5% similar, respectively (Rubin et al., 2013a). Migratory waterfowl 
may play a role in the distribution of Brachyspira species, and it is possible Brachyspira species 
that have colonized birds have adapted to their environment, resulting in changes to the pathogenic 
potential of these bacteria in pigs.  
1.1.4 Diagnostic methods 
Identification of the species present during Brachyspira-related disease is important in 
furthering our understanding of the disease and developing methods to prevent or treat the disease. 
Diagnostics can use a combination of clinical signs, gross and histopathology, culture of 
spirochaetes, biochemical assays, and PCR methods (Burrough, 2016). Methods such as 
microscopy, haemolysis strength, and biochemical tests are useful to identify Brachyspira as 
present, but do not provide high resolution for differentiating Brachyspira species (Chander et al., 
2012; Mahu et al., 2016; Perez et al., 2016). Diagnostics often use PCR which provides species 
level differentiation capabilities (Burrough, 2016).  
Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-
TOF MS) systems are utilized for the identification of bacteria (Bizzini and Greub, 2010), and are 
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becoming more available in diagnostic laboratories. MALDI-TOF MS has the advantage of 
identifying bacterial isolates accurately and inexpensively, though initial set-up costs can be 
limiting (Bizzini and Greub, 2010). It has been demonstrated to be a useful method for 
identification of Brachyspira species, however it is not sufficient for differentiating between “B. 
hampsonii” clades (Calderaro et al., 2013; Warneke et al., 2014).  
PCR is important for the detection and identification of Brachyspira from clinical cases, 
given it is a quick method to provide results. The NADH-oxidase (nox) gene is a commonly used 
genetic marker for Brachyspira, as it provides greater differentiation of Brachyspira species than 
other universal gene targets, such as the 16S rRNA gene (Chander et al., 2012). Genus-specific 
PCR primers amplify the nox sequence from Brachyspira spp., allowing for species level 
identification from sequencing the amplicon (Rohde et al., 2002). nox PCR can be performed 
directly on a sample, or in combination with selective culture methods. PCR protocols are also 
available for the detection of individual species, such as B. hyodysenteriae and B. pilosicoli (La et 
al., 2006; La et al., 2003). Quantitative PCR (qPCR) assays designed to be species-specific are 
used in Brachyspira diagnostics (Rubin et al., 2013a; Song and Hampson, 2009).  
Assays such as those described above are useful to determine the presence of a specific 
species, but do not provide insight into other Brachyspira that may be present. A combination of 
the above methods are utilized in Brachyspira diagnostics, often including selective culture 
followed by PCR and sequencing, genus-specific PCR followed by sequencing, and species-
specific qPCR. Using multiple methods can result in the identification of multiple Brachyspira 
species from one case, despite one species often been attributed to causing disease. Due to the 
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nature of multiple Brachyspira being identified from single clinical cases, there is need for 
diagnostic methods that simultaneously detect multiple species.  
1.1.5 Pathogenesis and putative virulence factors 
Brachyspira-associated disease, or swine dysentery, occurs by the bacteria colonizing the 
large intestine where they are found on the luminal surface and within the crypts of the intestine. 
The pathogenesis of swine dysentery is not fully understood, though virulence factors have been 
identified that may contribute to the disease outcome, including haemolysins, lipoligosaccharides, 
motility of the bacteria, and chemotaxis to mucus and resistance to oxygen toxicity (Kennedy and 
Yancey, 1996; Milner and Sellwood, 1994; Muir et al., 1992; Naresh and Hampson, 2010; 
Nibbelink and Wannemuehler, 1991; Nuessen et al., 1983; Rosey et al., 1996; Stanton et al., 1999).  
Brachyspira have periplasmic flagella that aid motility and allow the bacteria to move 
through mucus. They have a snake-like motion which aids movement through highly viscous 
materials and flagellar function is important in allowing penetration of mucus. Movement through 
the mucus layer is vital in allowing for the bacteria to access the epithelial cells within the crypts 
of the large intestine. Movement of Brachyspira is also influenced by its strong chemotaxis to 
porcine mucins (Kennedy and Yancey, 1996; Milner and Sellwood, 1994; Naresh and Hampson, 
2010). Resistance to oxygen toxicity is key to the survival of anaerobic Brachyspira, and 
movement into the crypts and under the mucus protects from exposure to oxygen. Another 
important resistance mechanism to oxygen toxicity is NADH-oxidase (nox), which consumes 
oxygen. It has been demonstrated that nox mutants in B. hyodysenteriae cause a less severe disease 
in pigs (Stanton et al., 1999). 
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Haemolysis is the breakdown of blood cells, which can be observed on agar plates 
containing blood as zones of clearing. It has been suggested that strong β-haemolysis is 
demonstrative of pathogenic Brachyspira, while weak β-haemolysis is a characteristic of low 
pathogenicity (Burrough et al., 2012b; Hyatt et al., 1994). Generally, species that are pathogenic 
in swine and cause severe clinical symptoms, such as B. hyodysenteriae and “B. hampsonii”, are 
defined as being strongly haemolytic. Currently, there are seven putative haemolysin genes that 
have been identified in B. hyodysenteriae. tlyA, tlyB and tlyC genes encode haemolysins that are 
present in B. hyodysenteriae (Muir et al., 1992; ter Huurne et al., 1994). In a previous study, tlyA 
mutants that did not have the functioning hemolysin gene did not result in clinical symptoms when 
inoculated into pigs, and pigs that were previously colonized by the tlyA mutant strain had partial 
protection when challenged with virulent B. hyodysenteriae (Hyatt et al., 1994). Another 
haemolysin gene that has been identified is hylA, which is also found in B. hyodysenteriae but is 
distinct from tlyA to tlyC. Haemolytic activity of hylA was demonstrated by using haemolysis 
negative E. coli which gained β-haemolytic activity with the presence of the gene (Hsu et al., 
2001). B. hyodysenteriae strain WA1 was the first representative of the genus Brachyspira to have 
its complete genome sequence determined, and predicted proteins from the genome elucidated 
potential virulence factors including haemolysins (Bellgard et al., 2009). tlyA, tlyB, tlyC and hlyA 
were located within the genome, as well as two genes involved in encoding putative haemolysin 
III and one gene encoding a putative haemolyin CBS domain containing protein (Bellgard et al., 
2009).  
Previous studies suggest that in addition to specific virulence factors, the resident 
microbiota and Brachyspira load may play roles in disease outcome. Experiments in which 
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gnotobiotic pigs were inoculated with B. hyodysenteriae alone did not produce lesions consistent 
with swine dysentery (Harris et al., 1978). Another study demonstrated again that B. 
hyodysenteriae alone was not sufficient to cause disease in gnotobiotic pigs, though inoculation of 
B. hyodysenteriae with various anaerobic bacteria did produce clinical signs (Whipp et al., 1979). 
Brachyspira are primarily responsible for swine dysentery, though one or more other anaerobic 
bacteria may be responsible in determining susceptibility of pigs to disease (Costa et al., 2014a).  
1.1.6 Multiple Brachyspira spp. infections 
While the microbiota may play a role in disease outcome, it has also become evident in 
clinical cases that multiple Brachyspira species are often present. Routine diagnostics often 
employ multiple methods to detect and/or identify Brachyspira, which often are a combination of 
culture, and PCR methods. Different methods will often identify different Brachyspira species, 
indicating the presence of multiple species. A study describing the prevalence of weakly 
haemolytic Brachyspira in pigs found that concurrent infections with two or more Brachyspira 
spp. was common, and weakly haemolytic species may contribute to colonic pathology (Komarek 
et al., 2009). Individual fecal samples of chickens were also observed to contain multiple 
Brachyspira species (Jansson et al., 2008).  
The traditionally causative and pathogenic agent, B. hyodysenteriae, has also been isolated 
from pigs without clinical disease (La et al., 2016a) demonstrating that B. hyodysenteriae alone 
may not always be able to cause disease. In an experimental infection model, inoculation with “B. 
hampsonii” clade II strain 30446, which is also considered to be pathogenic, caused 8/12 
inoculated pigs to develop mucohaemorrhagic diarrhea (Rubin et al., 2013a). The remaining 4 pigs 
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did not develop clinical signs of swine dysentery. While “B. hampsonii” strain 30446 may be 
pathogenic it may require additional organisms to cause disease and mixed Brachyspria species 
infections may be important. It is not known whether mixed infections are of clinical significance 
in regards to swine dysentery, and whether multiple species may contribute to the pathogenesis of 
the disease. 
1.2 Comparative genomics 
High throughput “next generation” sequencing is becoming an economically viable, and 
informative tool to investigate bacterial genomes (Loman et al., 2012). With vast amounts of 
sequence data becoming available, comparative analysis of sequence data becomes possible. 
Comparative genomics uses computer analysis to compare the genome sequences of different 
organisms, identifying similarities or differences which can provide insight into bacterial 
physiology, evolution, and pathogenicity. In order for functional comparison of genome 
information, an important step is identifying the features of the genome through genome 
annotation.  
1.2.1 Genome annotation 
Genome annotation aims to identify the genes encoded within the DNA sequence of an 
organism and their function. Genome annotation can be performed at the nucleotide-level, protein-
level, and process-level (Stein, 2001). Identifying the locations of genes, genetic markers, and 
important genetic landmarks is the first step in the nucleotide sequence analysis. Gene finding 
occurs by identifying open reading frames (ORFs), and often employs a computer program that 
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performs a six-frame translation and locates all potential ORFs (Stein, 2001). Once the location of 
putative genes has been determined, the next step is to identify putative functions of the encoded 
proteins. The difficulty with identifying function is that during evolution, copies of the same gene 
can diverge creating a family of related proteins, known as paralogues (Stein, 2001). One system 
to identify and cluster groups of orthologous proteins is the COG system (Clusters of Orthologous 
Groups) (Tatusov et al., 2001), though many proteins cannot be classified through this automated 
process due to a lack of information. In a study of a range of prokaryotic genomes aimed at 
elucidating how many proteins could be classified into COG categories, 60 to 86% of genes per 
genome were classified into a COG category, leaving 14 to 40% of the genes unclassified (Galperin 
et al., 2015).  The last step of genome annotation is relating the genes and their functions to 
biological process, which can involve techniques beyond computational work (Stein, 2001). 
Laboratory experiments confirming gene expression and function may be necessary. Many 
genome annotation servers and programs exist, but two are used in this thesis and are described 
below: Rapid-Annotation using Subsystems Technology (RAST) and the Joint Genome Institute’s 
(JGI) Microbial Genome Annotation Pipeline (MGAP).  
1.2.1.1 RAST 
Rapid Annotation using Subsystems Technology (RAST) is an automated annotation 
service for archaeal and bacterial genomes provided by the National Microbial Pathogen Data 
Resource (NMPDR) (http://rast.nmpdr.org). RAST uses “subsystems technology”, where a 
subsystem is defined as a set of abstract functional roles. Subsystems range from single metabolic 
pathways, such as histidine degradation, or components of a cellular structure, such as SSU rRNA. 
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The steps RAST utilizes are identifying rRNA and tRNA genes, and protein-encoding genes, as 
well as gene function to provide an idea of the metabolic network present in a genome (Aziz et al., 
2008).  
 The first step RAST uses to annotated genomes is to identify tRNA and rRNA genes. tRNA 
genes are found using tRNAscan (Lowe and Eddy, 1997), and rRNA with “search_for_rnas” (Aziz 
et al., 2008). Protein-encoding genes are found using GLIMMER, which is a computational gene 
finder that uses an Interpolated Markov Model and provides an estimate of probable genes 
(Delcher et al., 1999).  GLIMMER is able to identify approximately 97-98% of all genes, but most 
of the genes missed by GLIMMER appear to encode hypothetical proteins whose existence is only 
supported by other programs (Delcher et al. 1999). Therefore, GLIMMER and RAST may not be 
the most useful annotation system for genomes of uncharacterized organisms.  
Next, a set of representative sequences from a set of FIGfams are put together (determined 
by subsystems). FIGfams are another type of protein family, and each family contains a set of 
proteins, a family function and a decision procedure. The proteins in a family are homologous and 
share a common function, and a decision procedure uses an input protein sequence and returns a 
decision about whether the protein is globally similar and should be added to the family or not. 
The characteristic of the representative sequences selected from a set of FIGfams is that they are 
universal (or nearly universal) in prokaryotes. These FIGfams are compared to the protein-
encoding genes of the genome being annotated, to provide a small number of genes used to 
estimate the closest phylogenetic neighbours (Aziz et al. 2008).  Phylogenetic neighbours are then 
used to find FIGfams likely to be present in the genome being annotated, and the FIGfams are 
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searched for in the new genome. When genes are found, they become “determined genes” and are 
no longer considered “putative genes” for the remaining part of the annotation process. The set of 
determined genes at this point is used as a training set to look for more genes among the remaining 
putative genes. Remaining putative genes are compared to the entire collection of FIGfams. After 
the use of FIGfams, the RAST server will look for sequence similarity-based assignment of 
function for the remaining putative genes using a BLAST search against a large non-redundant 
protein database. The set of determined genes is then used for metabolic reconstruction, or 
connecting genes to functions (Aziz et al. 2008). 
1.2.1.2 JGI-MGAP 
The United States Department of Energy runs the Joint Genome Institute (JGI) Microbial 
Genome Annotation Pipeline (MGAP) (http://img.jgi.doe.gov), which performs structural and 
functional annotation of microbial genomes. MGAP has three major steps for microbial annotation 
(Huntemann et al., 2015). First, the sequenced data is preprocessed to ensure high quality data for 
annotation which includes removing sequences shorter than 150 nucleotides, trimming sequences, 
low complexity filtering, and for finished circular genomes the origin of replication is found. 
Second, the sequence data is analyzed to predict where genes occur (gene calling) for structural 
annotation. Finally, the genes found in the structural annotation are compared to protein databases 
to provide a functional annotation.  
Structural annotation is performed in MGAP by detection of CRISPR arrays, detection of 
non-protein coding RNA genes and the prediction of protein coding genes. Clustered Regularly 
Interspaced Short Palindromic Repeats (CRISPRs) are a type of direct repeat in prokaryotic DNA, 
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with unique spacer sequences between the repeats. CRISPRs have a unique function of protecting 
their host against invading extrachromosomal elements, such as bacteriophages, plasmids, and 
viruses (Barrangou et al., 2007; Mojica et al., 2005). In MGAP, CRISPRs are identified using two 
programs called CRT and PILER-CR (Huntemann et al., 2015). Both protein-coding and non-
coding RNA genes are identified using Hidden Markov Models and sequence similarity-based 
approaches in MGAP. Some of the programs MGAP uses to find non-protein coding RNAs are 
tRNAscan (tRNAs), hmmsearch (ribosomal RNA genes) and their own Hidden Markov Models 
(ribosomal RNA genes) (Huntemann et al., 2015). Protein-coding genes are found in MGAP using 
a gene prediction program called Prodigal, where Prodigal calculates log-likelihood functions 
rather than the often used Hidden Markov Models (Hyatt et al., 2010). After this step in MGAP, 
each annotated gene receives a locus tag, and a GenBank format genome data file is created.  
 After the structural annotation, the GenBank files give protein-coding genes that are 
compared to protein families and proteomes to provide gene product names or functions 
(Huntemann et al., 2015). A combination of COG, KEGG, MetaCyc, Pfam and TIGRfam are used 
in MGAP to give the intended functional annotation and provide protein product names. COGs 
are groups of proteins that are classified by function (Tatusov et al., 2001). KEGG, or the Kyoto 
Encyclopedia of Genes and Genomes, is a collection of manually curated orthologous groups 
which provide information about an organism’s metabolism and phenotype (Kanehisa et al., 2014). 
KEGG assignment is associated with MetaCyc reactions. MetaCyc is a universal database of 
metabolic pathways and enzymes that is curated from scientific literature, and therefore contains 
experimentally derived knowledge (Caspi et al., 2008). Pfam and TIGRfam are two more types of 
protein families used for comparison. Pfam are protein families which are represented by multiple 
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sequence alignments and Hidden Markov Models (Finn et al., 2014). TIGRfam is a collection of 
manually curated protein families. Hidden Markov Models, multiple sequence alignments, Gene 
Ontology assignments, literature references, and Pfam models all contribute to TIGRfam protein 
family classification (Haft et al., 2003).  
1.2.2 Applications in microbiology 
Comparative genomics allows insight into features that distinguish pathogens and non-
pathogens, bacterial physiology and bacterial evolution. Investigations often involve identifying 
genes shared between genomes, or unique to a genome. This refers to what are considered the 
“core” and “accessory” genomes. The core genome contains the genes of an organism that are 
shared among all members of that species, and the accessory genome contains elements that are 
present in some strains, but absent in others. Comparative genomics can also utilize comparing 
specific genes of interest, which can include virulence genes. One study of endophytes (bacteria 
living within plant tissue), investigated the differences of known virulence genes between 
endophytes and other symbiotic bacteria (Lopez-Fernandez et al., 2015). Differences between the 
strains were related to divergences in metabolic pathways, and led to the identification of features 
that distinguish harmful and harmless bacteria.  Another example of the application of comparative 
genomics approaches to discriminating pathogenic and non-pathogenic bacteria is a study of 
Listeria monocytogenes (a food-borne pathogen) and non-pathogenic L. innocua in which 
predicted genes involved in surface and secreted proteins, transporters, and transcriptional 
regulators unique to each strain were identified (Glaser et al., 2001).  
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While comparative genomics is a useful tool to identify differences among bacteria, there 
are limitations to this approach. For example, low quality sequence data or low coverage of 
genome sequences could simply result in genes being missed during annotation. While genomes 
are becoming more readily available for different organisms, variation within species still exists. 
Analysis with few genomes may identify differences that are due to variation, and are “false 
positives”, because there is not sufficient representation of the species. Most significantly, 
differences between genomes may correspond to ORFs of unknown function. It becomes difficult 
to understand the significance of the differences when functions are unknown. It can be especially 
difficult when working with organisms that are not well characterized, such as Brachyspria, and 
follow-up laboratory experiments are key. An example of experimental follow-up is a study where 
Klebsiella pneumoniae strains of differing pathogenicity were compared to identify putative 
virulence factors. Four genomic islands were identified, which included genes for secretion 
systems (Lery et al., 2014). To follow their comparative genomics analysis, a mouse inoculation 
trial was performed with type VI secretion system mutants and the mutant was avirulent. The gene 
was expressed in vivo and associated with K. pneumoniae isolates from severe infections, 
suggesting its importance in the virulence of K. pneumoniae (Lery et al., 2014). The experiments 
following the original comparative genomics analysis were instrumental in demonstrating the 
importance of the differences to pathogenicity.  
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2 Objectives 
The re-emergence of mucohaemorrhagic diarrhea in pigs associated with Brachyspira is a 
challenge for swine producers. Limited understanding of Brachyspira pathogenesis and virulence 
factors causing the disease, make it difficult to treat or prevent infection. Insight into pathogen 
biology and the development of new diagnostic tools are key to controlling Brachyspira-associated 
infections. To develop understanding in these areas, the following objectives were addressed in 
this thesis: 
1. To identify putative virulence factors of “B. hampsonii” by comparing the genomes of 
pathogenic “B. hampsonii” strain 30446 and the non-pathogenic “B. hampsonii” strain 
KL-180. 
2. To develop a diagnostic method for simultaneous detection of multiple Brachyspira species 
using deep sequencing of the nox gene target, and to use this method to determine the 
frequency of occurrence of multiple Brachyspira species in clinical cases of Brachyspira-
associated disease.  
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3 Comparative genomics of pathogenic and non-pathogenic strains of 
“Brachyspira hampsonii” and relationship of gene content differences to 
putative virulence factors 
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3.1 Abstract 
Brachyspira-associated disease results in mucohaemorrhagic diarrhea and colitis in pigs. 
The disease has re-emerged in North America and the re-emergence has been associated with a 
novel species, “B. hampsonii”.  Through inoculation trials, “B. hampsonii” strains 30446 and 
30599 have been demonstrated to be pathogenic in swine. “B. hampsonii” strains were also 
isolated from Lesser Snow Geese in the Canadian Arctic, where one particular strain had genetic 
similarity to “B. hampsonii” strain 30446.  Despite the genetic similarity, strain KL-180 is non-
pathogenic in swine. Whole genome sequences are available for “B. hampsonii” strain 30446 and 
KL-180, providing an opportunity to identify genomic determinants of virulence. “B. hampsonii” 
strain 30599 and B. hyodysenteriae strain WA1 were included as two additional pathogenic 
representatives. Genome annotations were performed using the RAST (Rapid Annotation using 
Subsystem Technology) server and the JGI Microbial Genome Annotation Pipeline (MGAP).   The 
annotation obtained in RAST identified 25 genes unique to strain 30446 and 11 unique to KL-180. 
The JGI annotation provided 22 genes present in the pathogenic strains that were absent in the 
non-pathogenic strain KL-180, and this list contains 11 hypothetical proteins. Present in the 
pathogenic strains (and identified by both RAST and JGI) were a set of genes corresponding to the 
Streptolysin S (sag) operon. Streptolysin S is a virulence factor first characterized in 
Streptococcus, that contributes to hemolysis of the host blood cells. The genes of this operon were 
found bioinformatically and biologically through PCR, and were found in pathogenic “B. 
hampsonii” strains. Screening for the genes in Brachyspira ATCC strains revealed their presence 
in B. innocens, B. murdochii and B. intermedia which are not considered to be pathogens. The 
genes are present, but it is not known whether they are expressed or functional in these non-
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pathogenic strains. The presence of this operon in some pathogenic Brachyspira species, and 
absence in the non-pathogenic “B. hampsonii” strain KL-180 supports the possibility of the operon 
being a virulence factor and contributing to disease outcome.   
3.2 Background 
Brachyspira is associated with diarrhea and colitis in pigs, and the most severe disease 
(mucohaemorrhagic diarrhea) is traditionally associated with the species B. hyodysenteriae (Harris 
et al., 1972). Disease has re-emerged in North America, and is often associated with the novel 
species “B. hampsonii” (Chander et al., 2012; Harding et al., 2010). “B. hampsonii” has been 
isolated from pigs in North America (Burrough et al., 2012a; Harding et al., 2010) and Europe 
(Mahu et al., 2014; Rohde et al., 2014). “B. hampsonii” has been isolated from waterfowl in Spain 
(Martinez-Lobo et al., 2013), mallards in Sweden (Rasback et al., 2007) and Lesser Snow Geese 
in the Canadian Arctic (Rubin et al., 2013b). It is not unusual for Brachyspira spp. to be found in 
wildlife reservoirs, as there have been previous reports of Brachyspira spp. in bird populations 
(Jansson et al., 2004; Jansson et al., 2015; Oxberry et al., 1998). Birds, especially those that are 
migratory, have the ability to disperse bacteria over long distances and could play a role in 
Brachyspira ecology. Strains that were isolated from Snow Geese in the Arctic that belong to the 
novel species “B. hampsonii” are of particular interest (Rubin et al., 2013b).  
Snow goose isolates were identified as belonging to the “B. hampsonii” species based on 
multi-locus sequence typing, nox and cpn60 sequence data. One snow goose isolate, KL-180, was 
found to be 99% identical based on the nox gene to “B. hampsonii” clade II strain 30446, which 
has been shown to be pathogenic in pigs (Rubin et al., 2013a). DNA sequence identities for four 
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multi-locus sequence typing (MLST) targets (est, glp, pgm, and thi) and universal sequence target 
cpn60 also demonstrated similarity between the two strains with over 95% pairwise sequence 
identity in each gene. Despite the genetic similarity to the pathogenic Brachyspira species, when 
inoculated into pigs, the KL-180 snow goose strain was not associated with clinical disease (Rubin 
et al., 2013b).  
 The pathogenesis of swine dysentery caused by Brachyspira is not completely understood. 
In infected animals, Brachyspira is observed in the crypts of the colon and putative virulence 
factors include motility, lipopolysaccharides and haemolysins (Bellgard et al., 2009; Naresh and 
Hampson, 2010; Nuessen et al., 1982). Since the publication of the original description of KL-180, 
its whole genome sequence has been determined. The availability of whole genome sequences for 
pathogenic and non-pathogenic isolates that are apparently closely related presents an opportunity 
to identify genomic determinants of virulence. The objective of this study was to use a comparative 
genomics approach to identify putative virulence factors of “B. hampsonii”.  
3.3 Methods 
3.3.1 Brachyspira genome sequences 
The Brachyspira genome sequences used in this study are described in Table 3.1. “B. 
hampsonii” strain 30446 and “B. hampsonii” strain 30599 were isolated from colon contents or 
feces of pigs with mucohaemorrhagic diarrhea, and have been demonstrated through inoculation 
trials to be pathogenic in pigs (Costa et al., 2014b; Rubin et al., 2013a). B. hyodysenteriae strain 
WA1 is another pathogenic Brachyspira isolate (Bellgard et al., 2009), included along with “B. 
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hampsonii” strains as another pathogenic representative. “B. hampsonii” strain KL-180 was 
isolated from a Lesser Snow Goose sampled in the Canadian Arctic, and has been previously 
demonstrated to be non-pathogenic in pigs (Rubin et al., 2013b).  
3.3.2 Genome annotation 
Genome annotations of the Brachyspira species listed in Table 3.1 were carried out using 
the SEED-based automated annotation system provided by the RAST (Rapid Annotation using 
Subsystem Technology) server (Aziz et al., 2008), and the JGI Microbial Genome Annotation 
Pipeline (MGAP) (Huntemann et al., 2015). The MGAP sequence data processing consists of 
structural annotation by including identification of protein-coding genes, non-protein coding 
RNAs and regulatory RNA features (such as riboswitches), and CRISPR elements. Structural 
annotation is followed by the assignment of protein names and functions. The RAST server 
identifies protein coding, rRNA and tRNA genes, assigns functions to the genes and predicts 
functional subsystems that are present.  
Genbank files of the annotated genomes (from JGI MGAP annotation) were uploaded to 
the GView server (http://server.gview.ca) to visualize genome comparisons through the 
pangenome analysis (Petkau et al., 2010). The pangenome analysis represents the full complement 
of genes present in all the genomes included, highlighting genes that are absent or present in certain 
genomes. Overall sequence identity between Brachyspira genomes was calculated as average 
nucleotide identity by MUMmer (ANIm) using JSpecies (v 1.2.1) (Richter and Rossello-Mora, 
2009).
  
 
2
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Table 3.1. Characteristics of genome sequences used in this study.  
Species Strain Source Pathogenicity 
in pigs 
Size 
(Mb) 
Assembly BioProject 
Accession 
Reference  
B. hyodysenteriae 
 
WA1 Pig Pathogenic 3.04 Complete PRJNA31263 (Bellgard et al., 2009)  
“B. hampsonii” 
 
30599 Pig Pathogenic 2.94  612 contigs PRJNA187424 (Costa et al., 2014b)  
“B. hampsonii” 
 
30446 Pig Pathogenic 3.04 4 scaffolds PRJNA169353 (Rubin et al., 2013a)  
“B. hampsonii” KL-180 Lesser Snow 
Goose 
Non-
pathogenic 
3.09 6 scaffolds PRJNA243522 
 
(Chaban et al. 
Unpublished) 
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3.3.3 Brachyspira isolates and culture 
“B. hampsonii” clade I isolate D11-30599 and clade II isolate D09-30446 were the first 
Canadian isolates of each clade derived from clinical cases of mucohaemorrhagic diarrhea. A 
collection of 443 “B. hampsonii” clinical isolates from our laboratory culture collection was 
reduced to epidemiologically distinct isolates, or isolates from different production systems, 
resulting in 9 representative isolates (Clade I: D11-30599, and D12-32613; Clade II: D09-30446, 
D11-29565-A6P8, D12-10616-P8, D12-27447, D12-27451, D12-32539, and D13-06010). Along 
with “B. hampsonii” strains, other Brachyspira ATCC strains were included (B. pilosicoli ATCC 
51139T, B. murdochii ATCC 51284T, B. innocens ATCC 29796T, and B. hyodysenteriae ATCC 
27164T).  Long-term storage of Brachyspira isolates was at -80°C in brain-heart infusion (BHI) 
broth containing 10% (v/v) glycerol. Strains from storage were cultured in JBS broth, which 
consists of BHI with 1% (w/v) glucose, 5% (v/v) fetal bovine serum, 5% (v/v) sheep blood, and 
the cultures were incubated anaerobically at 42°C with stirring. 
3.3.4 DNA extraction and PCR 
Genomic DNA was purified from JBS cultures using a modified salting-out procedure, as 
previously described (Martin-Platero et al., 2007). Primers for PCR were designed using Primer3 
(Koressaar and Remm, 2007; Untergasser et al., 2012) for genes in the sag-like operon found in 
“Brachyspira hampsonii” strains 30446 and 30599, as shown in Table 3.2. Genus-specific primers 
for the nox target were used as previously described (Rohde et al., 2002), and included as a positive 
control to confirm suitability of genomic DNA preparations for PCR.  
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Each PCR reaction for assays designed for the sag-like genes contained 1 x PCR reaction 
buffer (0.2 M Tris-HCl at pH 8.4, 0.5 M KCl), 2.5 mM MgCl2, 200 µM dNTP mixture, 400 nM 
each primer, 2.5 U Taq DNA Polymerase and 2µl of template DNA, in a final volume of 50 µl. 
PCR was performed in a thermocycler (Eppendorf Mastercycler) with the following program: 
94°C for 5 min, 40 cycles of 95°C for 30 s, 60°C for 30 s, 72°C for 30 s, followed by a final 
extension of 72°C for 2 min. PCR products were visualized on a 1% agarose gel by ethidium 
bromide staining.  
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Table 3.2. Primer sequences used in this study. 
Target Primer 
Name 
Primer sequence (5`-3`) Amplicon 
size (bp) 
Reference 
sagA JH0736 TAA ACT AMG AAC AAC ATG TTC TCT AAA 100 This study 
JH0737 TGT TAC GCT AAM GCA GCA WG 
sagB JH0738 TGT TTT CGG AGG CGG TAT AG 161 This study 
JH0739 TTG CAG CAG CAG TAA GCT GT 
sagC JH0740 CCG GAT GTT ATG AAT GTT TTG A 168 This study 
JH0741 AAA ATG CTT CAT ATA ATG CAA GAG AA 
sagD JH0742 TTG CGG TCA TCA GAC AGG TA 209 This study 
JH0743 TTT CAA TGC CTT CAC CCA AT 
sagE JH0744 CTG CTT GCC ATT TCT TTT CC 239 This study 
JH0745 AAA TGA ATC AGC ATT GAC TCA AAT A 
sagG JH0746 TGG TTC RGG AAA AAC KAC ATT  250 This study 
JH0747 AGC AAG AGT TTT CGG ATT CAA  
sagI JH0748 TGC TTA AAG TAA CGC CTC TTC C 173 This study 
JH0749 TGC CAA TAT AAT TAC AGG CAA AAA 
nox noxF TAG CYT GCG GTA TYG CWC TTT GG 939 (Rohde et al., 
2002) 
noxR CTT CAG ACC AYC CAG TAG AAG CC 
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3.4 Results 
3.4.1 Genome annotation 
Brachyspira genome sequences were annotated using both the RAST server and the JGI 
Microbial Genome Annotation Pipeline. Two separate annotations were performed to determine 
whether either method provided different genes in comparative analyses. The overall 
characteristics of the annotation by each method are described in Table 3.3, where they resulted in 
similar annotations. Each genome was approximately 3 Mb in size, and had a GC content of 27%. 
From the RAST annotation, the four genomes had an average of 305 subsystems present. A 
subsystem is defined as a collection of functional roles, which together implement a specific 
biological process or structural complex or perform related functional roles (Overbeek et al., 
2005). Subsystems may comprise single metabolic pathways, such as histidine degradation, or 
components of a cellular structure, such as SSU rRNA.  The number of coding sequences ranged 
from 2644 in B. hyodysenteriae WA1 to 2965 in “B. hampsonii” strain 30599, and 36 RNA genes 
were found in each of the four genomes with the RAST annotation. RAST does not report tRNA 
and rRNA genes separately, rather together as RNA genes.  With the JGI annotation, the number 
of coding sequences ranged from 2572 in “B. hampsonii” strain 30446 to 2736 in “B. hampsonii” 
strain 30599. Thirty-four RNA genes were detected in both “B. hampsonii” strain 30446 and strain 
30599, (33 tRNA genes and 1 rRNA gene), 37 RNA genes in B. hyodysenteriae WA1 (34 tRNA 
genes and 3 rRNA genes), and 36 RNA genes in “B. hampsonii” strain KL-180 (33 tRNA genes 
and 3 rRNA genes).  
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The pangenome analysis from the GView server illustrated the similarity of the four 
Brachyspira genomes (Figure 3.1). The pangenome represents the full complement of genes 
present in all the genomes. Individual genomes are then mapped on to the pangenome to highlight 
genes that are absent or present in individual genomes. The innermost ring (light green) represents 
the combination of all the genomes (“pangenome”). The outer rings show predicted genes that are 
present in the respective genomes and gaps indicate the gene was not detected, highlighting gene 
content differences between the Brachyspira genomes. The pattern that is most biologically 
interesting in this study is highlighted in the figure: genes are present in the pathogens (B. 
hyodysenteriae and “B. hampsonii” strain 30446 and strain 30599), and absent in the non-
pathogen (“B. hampsonii” strain KL-180). 
Overall sequence identity between Brachyspira genomes was calculated as average 
nucleotide identity by MUMmer (ANIm). Generally, an average nucleotide percent identity over 
95% in ANIm is  indicative of the same species  (Richter and Rossello-Mora, 2009).  By that 
criterion, strains “B. hampsonii” strain 30446 and “B. hampsonii” strain KL-180 can be 
considered the same species with an ANIm of 97.34%.  (Table 3.4).  “B. hampsonii” strain 30599 
differs from both “B. hampsonii” strain 30446 and “B. hampsonii” strain KL-180 with ANIm 
values of 93.51% and 93.58%, respectively.  Though all strains belong to “B. hampsonii”, the 
differences in ANIm are not surprising as “B. hampsonii” strains 30446 and KL-180 belong to 
clade II and “B. hampsonii” strain 30599 belongs to clade I.  All the “B. hampsonii” strains 
differed from the other species, B. hyodysenteriae, with an average ANIm of 88.87%. 
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Table 3.3. Genome annotation characteristics obtained from (A) the RAST server, and (B) 
the JGI MGAP. 
(A) 
  B. hyodysenteriae 
strain WA1 
“B. hampsonii” 
strain 30446 
“B. hampsonii” 
strain 30599 
“B. hampsonii” 
strain KL-180 
R
A
S
T
 
Size (bp) 3036634 3019251 2943158 3093592 
GC content (%) 27.0 27.4 27.8 27.5 
# of subsystems 308 311 295 306 
Coding sequences 2644 2655 2965 2706 
rRNA and tRNA 
genes 
36 36 36 36 
 
(B) 
 
 B. hyodysenteriae 
strain WA1 
“B. hampsonii” 
strain 30446 
“B. hampsonii” 
strain 30599 
“B. hampsonii” 
strain KL-180 
J
G
I-
M
G
A
P
 
Size (bp) 3036634 3019251 2943158 3093592 
GC content (%) 27.0 27.4 27.8 27.5 
Coding Sequences 2642 2572 2736 2706 
Genes with 
predicted protein 
function 
1808 
 
1872 1927 1849 
rRNA genes 3 1 1 3 
tRNA genes 34 33 33 33 
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Figure 3.1. Pangenome analysis obtained from the GView server.  
Genbank formatted files containing annotation information were obtained from the JGI IMG, and 
uploaded to the Gview server (http://gview.server.ca) for a pangenome analysis (Petkau et al., 
2010). The innermost ring (light green) represents the combination of all the genomes 
(“pangenome”). The outer rings show predicted genes that present in the respective genomes and 
gaps indicate the gene was not detected, highlighting gene content differences between the 
Brachyspira genomes. Highlighted is the pattern that is most biologically interesting in this study: 
a combination where genes are present in the pathogens (B. hyodysenteriae and “B. hampsonii” 
strain 30446 and strain 30599), and absent in the non-pathogen (“B. hampsonii” strain KL-180). 
The highlighted region also corresponded to a set of genes that is similar to the Streptolysin S (sag) 
operon found in other bacteria. 
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Table 3.4. Average Nucleotide Identity (ANIm) values for pairwise comparisons between four 
Brachyspira spp.. 
 
 “B. hampsonii” 
strain  30446 
“B. hampsonii” 
strain  30599 
“B. hampsonii” 
strain  KL-180 
B. hyodysenteriae 
WA1 
“B. hampsonii” 
strain  30446 
 
-- 93.51 97.34 88.69 
“B. hampsonii” 
strain  30599 
 
 -- 93.58 89.15 
“B. hampsonii” 
strain  KL-180 
 
  -- 88.77 
B. hyodysenteriae 
WA1 
 
   -- 
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3.4.2 Clusters of Orthologous Groups (COGs) 
Clusters of Orthologous Groups (COGs) are categories of proteins that are related by their 
functions (Tatusov et al., 2001). The distributions of functional genes in different COG categories 
for each Brachyspira genome were compared, with COG representation based on the JGI MGAP 
annotation. The four Brachyspira genomes had similar predicted functional repertoires, with “B. 
hampsonii” strain 30599 containing the lowest number of COGs in most functional categories 
(Figure 3.2).  The functional categories with the largest proportion of COGs in the four 
Brachyspira genomes are E (amino acid transport and metabolism), G (carbohydrate transport and 
metabolism), J (translation, ribosomal structure, and biogenesis) and R (general function 
prediction only). Functional category G (carbohydrate transport and metabolism) was the only 
category where “B. hampsonii” strain KL-180 contained fewer COGs than the pathogenic strains. 
The proportion of proteins found in the functional COG categories ranged from 51 to 59% in the 
four Brachyspira proteomes, with 41 to 49% not identified within the COG categories.  
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Figure 3.2. Distribution of COGs in Brachyspira genomes.  
COG categories: E: Amino acid transport and metabolism; G: Carbohydrate transport and 
metabolism; D: Cell cycle control, cell division, chromosome partitioning; N: Cell motility; M: 
Cell wall/membrane/envelope biogenesis; H: Coenzyme transport and metabolism; Z: 
Cytoskeleton; V: Defense mechanisms; C: Energy production and conversion; W: Extracellular 
structures; S: Function unknown; R: General function prediction only; P: Inorganic ion transport 
and metabolism; U: Intracellular trafficking, secretion, and vesicular transport; I: Lipid transport 
and metabolism; A: RNA processing and modification; F: Nucleotide transport and metabolism; 
O: Post-translational modification, protein turnover, and chaperones; L: Replication, 
recombination and repair; Q: Secondary metabolites; T: Signal transduction mechanisms; K: 
Transcription; J: Translation, ribosomal structure and biogenesis. 
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3.4.3 Functional comparison of “B. hampsonii” strains 30446 and KL-180 in RAST 
Using the SEED viewer from the RAST genome annotation, a functional comparison was 
performed between the pathogenic “B. hampsonii” strain 30446 and the non-pathogenic “B. 
hampsonii” strain KL-180 (Tables 3.5 and 3.6). The functional comparison generated a list of 25 
genes, that are associated with a subsystem and that are present in strain 30446 and absent in strain 
KL-180 (Table 3.5). These 25 genes are distributed among 9 different broad categories, with the 
highest number of genes being found in the virulence, disease and defense category, followed by 
the membrane transport and carbohydrate metabolism categories.  
One operon present in “B. hampsonii” strain 30446 and absent in “B. hampsonii” strain 
KL-180 was genes nikA-E, which are genes involved in nickel transport (Table 3.5). Nickel is an 
essential cofactor for a number of enzymatic reactions including production and consumption of 
hydrogen, hydrolysis of urea, oxidation of carbon monoxide, and detoxification of superoxide 
anion radicals (Eitinger and Mandrand-Berthelot, 2000). Another operon found in strain 30446 but 
absent in KL-180 is the sag operon, which is responsible for the production Streptolysin S (SLS). 
SLS is a cytolytic toxin and virulence factor in Streptococcus spp. (Molloy et al., 2011). 
The functional comparison generated a list of 11 genes, that are associated with a 
subsystem and that are present in strain KL-180 and absent in strain 30446 (Table 3.6). The genes 
unique to “B. hampsonii” strain KL-180, or the non-pathogenic strain, were all from different 
subsystems and did not form any operons. Although any of the genes found, whether annotated or 
uncharacterized, in either only the pathogenic or non-pathogenic strain could be important in 
disease development, the remainder of this study focused on investigating the set of genes found 
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in “B. hampsonii” strain 30446 that corresponded to genes similar to the Streptolysin S (sag) 
operon. This set of genes was of obvious interest because the sag operon is a virulence factor of 
Streptococcus spp. where it acts as a hemolysin, breaking down erythrocytes of its host (Molloy 
et al., 2011), and haemolysis appears to be a virulence factor in Brachyspira-associated disease. 
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Table 3.5. Genes associated with a subsystem in “B. hampsonii” strain 30446, and absent in 
“B. hampsonii” strain KL-180, based on the metabolic construction in RAST.  
Gene Subsystem in RAST Functional Category 
N-Ac+E2:E26etyl-D-
glucosamine ABC transport 
system, permease protein 1 
Chitin and N-acetylglucosamine utilization Carbohydrates 
Phosphoglycerate kinase (EC 
2.7.2.3) 
Entner-Doudoroff Pathway Carbohydrates 
PTS system, sucrose-specific 
IIA component (EC 2.7.1.69) 
Sucrose utilization Carbohydrates 
Stage 0 sporulation protein J Bacterial Cytoskeleton Cell Division and Cell 
Cycle 
Bipolar DNA helicase HerA Rad50-Mre11 DNA repair cluster Clustering-based 
subsystems 
D-alanyl-D-alanine 
carboxypeptidase (EC 
3.4.16.4) 
CBSS-84588.1.peg.1247 Clustering-based 
subsystems 
TPR domain protein in 
aerotolerance operon 
Aerotolerance operon in Bacteroides and potentially 
orthologous operons in other organisms 
Clustering-based 
subsystems 
tRNA pseudouridine synthase 
B (EC 4.2.1.70) 
CBSS-138119.3.peg.2719 Clustering-based 
subsystems 
DNA recombination and repair 
protein RecO 
DNA repair, bacterial RecFOR pathway DNA Metabolism 
Nickel ABC transporter, 
periplasmic nickel-binding 
protein NikA (TC 3.A.1.5.3) 
Transport of Nickel and Cobalt Membrane Transport 
Nickel transport ATP-binding 
protein NikD (TC 3.A.1.5.3) 
Transport of Nickel and Cobalt Membrane Transport 
Nickel transport ATP-binding 
protein NikE (TC 3.A.1.5.3) 
Transport of Nickel and Cobalt Membrane Transport 
Nickel transport system 
permease protein NikB (TC 
3.A.1.5.3) 
Transport of Nickel and Cobalt Membrane Transport 
Nickel transport system 
permease protein NikC (TC 
3.A.1.5.3) 
Transport of Nickel and Cobalt Membrane Transport 
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Thymidine kinase (EC 
2.7.1.21) 
pyrimidine conversions Nucleosides and 
Nucleotides 
Pseudouridine 5&#39;-
phosphate glycosidase 
Pseudouridine catabolism Nucleosides and 
Nucleotides 
Pseudouridine kinase (EC 
2.7.1.83) 
Pseudouridine catabolism Nucleosides and 
Nucleotides 
RelB/StbD replicon 
stabilization protein (antitoxin 
to RelE/StbE) 
Toxin-antitoxin replicon stabilization systems Regulation and Cell 
signaling 
Streptolysin S export protein 
(SagG) 
Thiazole- oxazole-modified microcin (TOMM) 
synthesis 
Secondary Metabolism 
Export ABC transporter ATP-
binding protein 
Streptolysin S Biosynthesis and Transport Virulence, Disease and 
Defense 
Streptolysin S biosynthesis 
protein B (SagB) 
Streptolysin S Biosynthesis and Transport Virulence, Disease and 
Defense 
Streptolysin S biosynthesis 
protein C (SagC) 
Streptolysin S Biosynthesis and Transport Virulence, Disease and 
Defense 
Streptolysin S biosynthesis 
protein D (SagD) 
Streptolysin S Biosynthesis and Transport Virulence, Disease and 
Defense 
Streptolysin S export 
transmembrane permease 
(SagI) 
Streptolysin S Biosynthesis and Transport Virulence, Disease and 
Defense 
Streptolysin S self-immunity 
protein (SagE) 
Streptolysin S Biosynthesis and Transport Virulence, Disease and 
Defense 
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Table 3.6. Genes associated with a subsystem in “B. hampsonii” strain KL-180, and absent 
in “B. hampsonii” strain 30446, based on the metabolic construction in RAST. 
Gene Subsystem Functional 
Category 
D-serine dehydratase (EC 
4.3.1.18) 
Glycine and Serine Utilization Amino Acids and 
Derivatives 
N-Acetylneuraminate 
cytidylyltransferase (EC 2.7.7.43) 
CMP-N-acetylneuraminate Biosynthesis Cell Wall and 
Capsule 
LSU ribosomal protein L34p Cell Division Subsystem including YidCD Clustering-based 
subsystems 
DNA double-strand break repair 
Rad50 ATPase 
Rad50-Mre11 DNA repair cluster Clustering-based 
subsystems 
Histone acetyltransferase HPA2 
and related acetyltransferases 
CBSS-216591.1.peg.168 Clustering-based 
subsystems 
Ribonucleotide reductase of class 
III (anaerobic), activating protein 
(EC 1.97.1.4) 
Ribonucleotide reduction Nucleosides and 
Nucleotides 
Phage tail length tape-measure 
protein 
Phage tail proteins Phages, Prophages, 
Transposable 
Elements 
ATP-dependent Clp protease ATP-
binding subunit ClpA 
Proteolysis in bacteria, ATP-dependent Protein Metabolism 
RNA-2&#39;,3&#39;-PO4:RNA-
5&#39;-OH ligase 
RNA 3&#39;-terminal phosphate cyclase RNA Metabolism 
Anti-sigma B factor antagonist 
RsbV 
SigmaB stress responce regulation Stress Response 
ABC-type 
nitrate/sulfonate/bicarbonate 
transport system, permease 
component 
Alkanesulfonate assimilation Sulfur Metabolism 
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3.4.4  sag-like genes in Brachyspira 
The sag operon is responsible for the production Streptolysin S (SLS), which is a cytolytic 
toxin and virulence factor in Streptococcus spp. (Molloy et al., 2011). In Streptococcus, the operon 
comprises a contiguous set of nine genes called sagA through sagI. The RAST annotation 
identified genes in the sag-like operon in “B. hampsonii” strain 30446, except for sagA and sagF 
(Table 3.3). These observations were partially confirmed by the JGI annotation, which identified 
sagB, sagD, an amino terminal protease, a hypothetical protein and an ABC transporter protein all 
in the same region (Table 3.7). While the RAST comparison described above was only between 
strain 30446 and KL-180, the JGI utilized a comparison of all four genomes to identify proteins 
present in the three pathogenic Brachyspira species included and absent in non-pathogenic “B. 
hampsonii” KL-180. This comparison aided in identifying “universal” traits of pathogenic 
Brachyspira, rather than traits found in one pathogen or another. The JGI annotation also identified 
11 hypothetical proteins unique to the three pathogenic Brachyspira strains (Table 3.7), including 
the sag operon genes described above. 
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Table 3.7. Genes present in B. hyodysenteriae strain WA1, “B. hampsonii” strain 30446 and 
strain 30599, but absent in “B. hampsonii” strain KL-180, as determined from annotation 
on JGI MGAP.  
Locus Tag in B. 
hyodysenteriae WA1 
Gene Name 
BHWA1_00016 hypothetical protein 
BHWA1_00128 hypothetical protein 
BHWA1_00152 Plasmid encoded toxin Txe 
BHWA1_00480 ankyrin repeat-containing protein 
BHWA1_00653 hypothetical protein 
BHWA1_00861 hypothetical protein 
BHWA1_00902 putative ATP-binding protein 
BHWA1_01091 hypothetical protein 
BHWA1_01130 hypothetical protein 
BHWA1_01587 GltP, Na+/H+-dicarboxylate symporters putative 
BHWA1_01616 TPR domain-containing protein 
BHWA1_01818 plasmid encoded toxin 
BHWA1_01819 hypothetical protein 
BHWA1_01849 hypothetical protein 
BHWA1_01964 TPR domain-containing protein 
BHWA1_02353 streptolysin associated protein SagB 
BHWA1_02355 streptolysin associated protein SagD 
BHWA1_02356 CAAX amino terminal protease family protein 
BHWA1_02357 hypothetical protein 
BHWA1_02359 ABC transporter integral membrane type-2 domain containing 
protein 
BHWA1_02578 hypothetical protein 
BHWA1_02579 hypothetical protein 
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3.4.5 Locating sagA in Brachyspira genomes 
In Streptococcus spp. the sag operon is contiguous, however manual investigation of the 
sequence upstream of sagB in the genomes of “B. hampsonii” strains 30599 and 30446 did not 
uncover any sequence that resembled sagA. Authors of a previous study utilizing genome mining 
to identify ribosomally synthesized and post-translationally modified peptides in anaerobic 
bacteria, however, found sag-like genes in B. intermedia and B. hyodysenteriae with sagA in a 
noncanonical location (Letzel et al., 2014). In these species, the gene encoding the peptide 
precursor was found between sagF and sagG, rather than upstream of sagB. Using this knowledge, 
and the protein sequences of the sagA genes in other Brachyspira species for comparison, the sagA 
gene was identified in both “B. hampsonii” strain 30446 and “B. hampsonii” strain 30599. 
Genome sequences upstream of sagG were manually evaluated to locate the presence of the sagA 
gene. The sequence is shown in Figure 3.3, along with sagA sequences identified through genome 
mining (Letzel et al., 2014). 
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Figure 3.3. sag-like operon in Brachyspira.  
(A) Precursor peptide sequence, sagA in Streptococcus pyogenes and Brachyspira spp. (B) 
Organization of Streptolysin S (sag) operon, and sag-like operon in Brachyspira.  
*Denotes sequences published by Letzel et al., 2014. 
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3.4.6 sag-like genes in “B. hampsonii” and other Brachyspira spp.  
To allow for the detection of the sag-like genes in other Brachyspira spp., PCR primers 
were designed for each gene based on the sequences of “B. hampsonii” strain 30446 and “B. 
hampsonii” strain 30599. The primers were used on strain 30446, and the non-pathogenic strain 
KL-180, and results confirmed the presence of all sag-like genes in strain 30446 and not in KL-
180 (Table 3.8). The sag-like genes could have been missed in strain KL-180 through the 
annotation analysis if, because the genome sequence of strain KL-180 contains some gaps within 
assembled scaffolds, the genes were not present in the assembled genome sequence. The inability 
to detect through PCR further supports the absence of sag-like genes in the non-pathogenic “B. 
hampsonii” strain KL-180.  
If the sag operon is a virulence factor in Brachyspira pathogenesis, it would be expected 
to be universally present in pathogenic species and strains. Epidemiologically distinct “B. 
hampsonii” strains were screened for the sag-like genes, including two strains from Clade I and 
seven from Clade II (Table 3.8). All the sag-like genes were present in strains D09-30446, D11-
29565-A6P8, D12-10616-P8, D12-27447, D12- 27451, D11-30599, and D12-32613. sagA was 
not detected in D12-32529 and D13-06010. In D13-06010, sagG and sagI were not detected. Type 
strains of B. pilosicoli, B. murdochii, B. innocens and B. hyodysenteriae were also screened for the 
sag-like genes (Table 3.8). All the genes were detected in B. murdochii, B. innocens and B. 
hyodysenteriae. In B. pilosicoli, sagA and sagD were not detected.  
 The sag-like sequences obtained for “B. hampsonii” strain 30446 were used as BLASTn 
queries to determine if these genes are present in other Brachyspira spp. Genome sequences are 
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available on NCBI for B. pilosicoli P43/6/78 (Bioproject Accession: PRJNA67875), B. intermedia 
PWS/A (Bioproject Accession: PRJNA68051), and B. murdochii DSM 12563 (Bioproject 
Accession: PRJNA29543). In the genome sequences available, BLASTn revealed the sag-like 
genes to be present in all three genomes.  
  
4
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Table 3.8. Detection of sag-like genes in Brachyspira spp. by conventional PCR.  
 Isolate/Strain  
  
sagA sagB sagC sagD sagE sagG sagI 
“B. hampsonii” Clade II D09-30446 + + + + + + + 
KL-180 - - - - - - - 
D11-29565-A6P8 + + + + + + + 
D12-10616-P8 + + + + + + + 
D12-27447 + + + + + + + 
D12-27451 + + + + + + + 
D12-32539 - + + + + + + 
D13-06010 - + + + + - - 
“B. hampsonii” Clade I D11-30599 + + + + + + + 
D12-32613 + + + + + + + 
B. pilosicoli ATCC 51139T - + + - + + + 
B. murdochii ATCC 51284T + + + + + + + 
B. innocens ATCC 29796T + + + + + + + 
B. hyodysenteriae ATCC 27164T + + + + + + + 
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3.5 Discussion 
The pathogenesis of Brachyspira-associated disease in swine is not fully understood. A 
unique opportunity for comparative genomics of Brachyspira strains to identify putative virulence 
factors occurred due to the availability of whole genome sequences of pathogenic and non-
pathogenic strains of Brachyspira with remarkable overall genetic similarity, despite their 
pathogenic differences.  
The overall genome characteristics described in Table 3.1 (size, GC content, number of 
predicted open reading frames) demonstrate the overall similarity of strains 30446 and KL-180 
and suggest that the genomic differences that contribute to determining virulence are relatively 
small. Average Nucleotide Identity values further demonstrated the genetic similarity between 
pathogenic “B. hampsonii” strain 30446 and non-pathogenic “B. hampsonii” strain KL-180. The 
ANIm between the two was 97.34%, suggesting beyond nox, cpn60 and MLST target sequencing 
that the two strains belong to the same species. Generally, ANI values over 95% are considered to 
belong to the same species (Richter and Rossello-Mora, 2009).  
With the COG analysis, the proportion of proteins found in the functional COG categories 
ranged from 51 to 59% in the four Brachyspira proteomes, with 41 to 49% not identified within 
the COG categories. In a range of prokaryotic genomes, the range of COGs that can be identified 
comprise 60 to 86% of the proteome (Galperin et al., 2015). The assignment rate within these 
Brachyspira spp. is lower than what is expected with other prokaryotes, highlighting there are a 
lot of unknown genes and proteins in Brachyspira that are not well represented in the databases 
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used to generated COGs. “B. hampsonii” strain 30599 had the lowest number of genes assigned, 
which could be due to the relatively poor assembly of the genome (Table 3.1).  
The pangenome analysis from the GView server, again highlighted the similarity of the 
two genomes. Pathogenic strain “B. hampsonii” strain 30599 and B. hyodysenteriae were included 
as two additional pathogenic representatives. The pangenome analysis highlighted regions where 
the pattern that is most biologically interesting in this study exists: a combination where genes are 
present in the pathogens (B. hyodysenteriae and “B. hampsonii” strain 30446 and strain 30599), 
and absent in the non-pathogen (“B. hampsonii” strain KL-180). The evolution to pathogenic from 
non-pathogenic ancestors has been described principally by the acquisition of virulence genes on 
plasmids and pathogenicity islands by horizontal gene transfer (Allewelt et al., 2000; Censini et 
al., 1996; Gal-Mor and Finlay, 2006; Nishibuchi and Kaper, 1995). Other work has demonstrated, 
however, that some epidemic pathogens (such as Rickettsia spp. and Mycobacteria spp.) contain 
fewer virulence factors than non-epidemic species, and have reduced genomes (Georgiades, 2012; 
Maurelli, 2007). A study of Yersinia pestis (the bacterial agent of the plague) demonstrated 
mutational loss of glycosidase activity may have led to pathogenicity of the agent, and evolution 
of flea-borne transmission (Erickson et al., 2008). Thus, the possibility that virulence could be the 
result of the absence of a gene or genome region cannot be ruled out. 
From the genome annotations of Brachyspira spp., genes unique to individual genomes 
were identified. From the annotation obtained in RAST, comparison between “B. hampsonii” 
strain 30446 (pathogenic) and “B. hampsonii” strain KL-180 (non-pathogenic) identified 25 genes 
unique to strain 30446 and 11 unique to KL-180. Any of the genes in these lists could be important 
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in Brachyspira-associated disease pathogenesis, either as a virulence determinant or a gene whose 
absence aids pathogenicity. The JGI analysis allowed a more stringent search for genes universally 
conserved in the pathogens and absent in the non-pathogenic strains since it allowed inclusion of 
all four genomes in the analysis. 
 One operon present in “B. hampsonii” strain 30446 and absent in “B. hampsonii” strain 
KL-180 comprised genes nikA-E, which are genes involved in nickel transport (Table 3.5). Nickel 
is an essential cofactor for a number of enzymatic reactions including production and consumption 
of hydrogen, hydrolysis of urea, oxidation of carbon monoxide, and detoxification of superoxide 
anion radicals (Eitinger and Mandrand-Berthelot, 2000). Nickel transport is thought to be 
important in the pathogenesis of H. pylori, where nickel is an essential cofactor of urease, thus 
acting as a virulence factor by enabling the hydrolysis of urea (Eitinger and Mandrand-Berthelot, 
2000). It is possible the nik genes aid Brachyspira pathogenesis, and could be virulence factors.  
Another operon found in strain 30446 but absent in KL-180 is the sag operon, which is 
responsible for the production of Streptolysin S (SLS). SLS is a cytolytic toxin and virulence factor 
in Streptococcus spp. (Molloy et al., 2011). This set of genes was of obvious interest because the 
sag operon is a well-established virulence factor of Streptococcus spp. where it acts as a hemolysin, 
breaking down erythrocytes of its host (Molloy et al., 2011), and haemolysis is associated with 
virulent Brachyspira. Pathogenic species B. hyodysenteriae and B. hampsonii are strongly 
haemolytic when cultured on blood agar, whereas non-pathogenic species are generally 
characterized by weak haemolysis, therefore it is likely haemolysis plays a role in virulence. In 
Streptococcus, the operon comprises a contiguous set of nine genes called sagA through sagI. 
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sagA encodes the SLS precursor peptide, followed by sagBCD which form an enzyme complex 
involved in post-translational modification (Lee et al., 2008). The enzyme complex contains a 
dehydrogenase, cyclodehydratase and a docking protein, and converts the sagA precursor 
molecule into SLS. The functions of the remaining proteins are not as well understood. sagE is 
thought to be a membrane spanning peptidase, and may be responsible for leader cleavage.  sagE 
also has weak sequence similarity to a bacteriocin immunity protein found in Lactobacillus 
plantarum (Datta et al., 2005). The function of sagF has yet to be elucidated. sagG, sagH, and sagI 
are thought to form an ABC-transporter similar to those involved in bacteriocin export (Datta et 
al., 2005; Molloy et al., 2011; Nizet et al., 2000). Genes from the sag operon, except sagA and 
sagF, were found in the annotations from both RAST and JGI MGAP.  
sagA forms the precursor protein which is modified to form the SLS molecule. Therefore, 
it is essential to the functioning of the operon, and without sagA SLS would not be a viable 
virulence factor in Brachyspira pathogenesis. This precursor protein is a small peptide, with a size 
of approximately 40 amino acids. This may be why the sagA-like gene was not identified in 
Brachyspira spp. through the annotated genomes. Issues have been identified with annotation of 
small proteins (less than 100 aa), where they can be missed resulting in an incomplete picture of 
an organism’s capabilities (Hemm et al., 2008; Warren et al., 2010).   The genome annotation in 
RAST identified hypothetical proteins in “B. hampsonii” strain 30446 as small as 114 bp, but the 
123 bp sagA gene was not annotated. 
PCR primers were designed for the sag-like genes, as a means to screen other Brachyspira 
species for the presence of these genes. It would be expected that the entire set of sag genes would 
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be universally present in pathogenic species of Brachyspira if it was an essential virulence factor. 
Epidemiologically distinct strains of “B. hampsonii”, that were isolated from samples derived 
from clinical cases of Brachyspira-associated disease, were screened by PCR for the sag-like 
genes. In seven of the strains, all the sag-like genes were present. sagA was not detected in D12-
32529 and D13-06010, and in D13-06010 sagG and sagI were not detected. For these strains, since 
they were isolated from clinical cases, their pathogenicity has been assumed though has not been 
demonstrated as so in experimental inoculation trials. It is possible that strains D12-32529 and 
D13-06010 are non-pathogenic. Alternatively, the primers designed may not be completely 
universal since they were designed based only on “B. hampsonii” sag gene sequences. Similarly, 
type strains of B. pilosicoli, B. murdochii, B. innocens and B. hyodysenteriae were screened for 
the sag-like genes. Only in B. pilosicoli the sagA and sagD genes were not detected by PCR. All 
the genes were detected in the published whole genome sequence of B. pilosicoli P43/6/78 when 
a BLASTn search was performed, which suggests that the distribution of sag genes in B. pilosicoli 
is variable. 
The detection of the sag operon in type strains of B. murdochii, B. intermedia and B. 
innocens was surprising, given that these species are weakly haemolytic and generally considered 
to be non-virulent (Jensen et al., 2010; Kinyon and Harris, 1979; Osorio et al., 2013; Phillips et 
al., 2010; Weissenbock et al., 2005). A limitation of this study was that only detection of ORFs, 
or gene presence, was determined but gene expression was not explored. Non-pathogenic 
Brachyspira strains may contain the sag genes but the genes may not be expressed, or expressed 
at low levels. Additionally, virulence is likely multi-factorial which may explain the presence of 
the sag genes in non-pathogenic species. The sag operon may not contain the full power of 
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pathogenicity, but rather play a part of the role. For example, B. pilosicoli causes a much milder 
disease than that caused by B. hyodysenteriae or “B. hampsonii”, and may only cause a milder 
disease because it lacks additional pieces required for full pathogenicity.  
3.6 Conclusions 
The basic genomic features of the pathogenic “B. hampsonii” strain 30446 and the non-
pathogenic “B. hampsonii” strain KL-180, are similar and have an average nucleotide identity of 
97%. Differences were identified through comparative genomics, and identifying gene content 
differences where there are genes unique to either strain, and many hypothetical proteins. Any 
gene differences could be important to disease outcome, including hypothetical proteins which 
have yet to be characterized and could represent novel virulence determinants. One set of genes 
uniquely present in the pathogenic strains (B. hyodysenteriae, “B. hampsonii” strains 30446 and 
30599) and absent in the non-pathogenic strain (“B. hampsonii” strain KL-180) as identified 
through genome annotation, resembles the sag operon which is responsible for the production of 
Streptolysin S. The genes of this operon were found bioinformatically and biologically through 
PCR, and were found in pathogenic “B. hampsonii” strains. The presence of this operon in 
pathogenic Brachyspira species, and absence in the non-pathogenic “B. hampsonii” strain KL-
180 supports the possibility of the operon being a virulence factor and contributing to disease 
outcome.   
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3.7 Transition Statement 
The characterization of pathogenic and non-pathogenic strains of “B. hampsonii” 
demonstrated that putative virulence factors exist in the pathogenic strain, and these virulence 
factors could contribute to the progression of disease. However, pigs experimentally inoculated 
with pathogenic strains of Brachyspira do not all develop clinical disease and pathogenic strains 
have also been isolated from pigs in the field that are clinically healthy. The host, microbial and 
environmental factors that influence disease progression in exposed animals are not known. Our 
current diagnostic methods regularly detect multiple Brachyspira species in clinical samples from 
affected pigs. It is possible that mixed Brachyspira infections, or multi-species Brachyspira 
“communities”, may contribute to disease development. Investigation of this possibility requires 
an initial determination of the frequency of occurrence of mixed infections in clinical cases using 
an objective approach that allows simultaneous detection of species in the fecal microbiome that 
may be present across a wide range of abundance levels. Exhaustive detection of Brachyspira 
species in clinical samples from a range of production systems in different countries will also 
provide insight into the global distribution of “Brachyspira hampsonii”.    
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4 Characterization of Brachyspira communities from clinical cases of swine 
mucohaemorrhagic diarrhea  
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4.1 Abstract 
The re-emergence of Brachyspira-associated disease and novel causative species “B. 
hampsonii” is a concern for swine producers. Current diagnostic methods have limitations and 
often utilize multiple techniques to provide a more accurate description, sometimes resulting in 
the detection of multiple Brachyspira spp. in samples from individual pigs. The pathogenesis of 
Brachyspira-associated disease is not completely understood, and it is not known whether multiple 
Brachyspira spp. are important in disease development. Deep sequencing of the nox gene target 
was used to simultaneously detect Brachyspira spp. in fecal samples from clinical cases of 
mucohaemorrhagic diarrhea in pigs from Western Canada, Mexico and Brazil. Synthetic mixtures 
of Brachyspira genomic DNA were created and sequenced to aid interpretation of clinical case 
sequence data and define detection limits for the technique. Samples from Brazil were dominated 
by B. hyodysenteriae and samples from Mexico were dominated by B. hyodysenteriae and B. 
pilosicoli. “B. hampsonii” strains were detected in these samples, though comprised a small 
proportion of the communities and are likely not clinically significant or the driving cause of 
disease. Samples from Canadian clinical cases were dominated by different species, including “B. 
hampsonii” strains. Sequencing often detected multiple species in individual samples, indicating 
that multiple species Brachyspira infections are common. Deep sequencing of the nox gene target 
is a suitable method for simultaneous detection of Brachyspira from clinical case material that 
may offer advantages over current, more targeted approaches.  
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4.2 Background 
Brachyspira is associated with swine dysentery, or mucohaemorrhagic diarrhea and colitis 
in pigs. The disease, which was traditionally associated with Brachyspira hyodysenteriae (Harris 
et al., 1972), had been mostly eliminated from Canadian swine production systems by the early 
1990s. Of growing concern is the re-emergence of disease in the late 2000s that has been associated 
with a novel species, “Brachyspira hampsonii” (Chander et al., 2012; Harding et al., 2010). While 
there is renewed interest in developing methods to treat and control swine dysentery, there are 
major challenges in mitigating this production-limiting disease including a lack of robust clinical 
diagnostic methods and limited understanding of the complex ecology of Brachyspira species.  
 Diagnostic methods currently include selective culture for Brachyspira spp., gross 
pathology, histopathology, serology, microscopic detection, biochemical assays of isolates, and 
PCR (Burrough, 2016). Limitations exist with different methods, for example the success of 
selective culture depends on the nature of the clinical sample and proper transportation and storage. 
PCR methods may lack analytical sensitivity or may not detect novel pathogenic species. Due to 
limitations with various methods, diagnostic protocols may employ multiple methods to detect 
and/or identify the presence of Brachyspira spp.. We and others have observed that application of 
multiple diagnostic methods often results in detection of multiple species from individual clinical 
samples. A study describing the prevalence of weakly haemolytic Brachyspira in pigs found that 
concurrent infections with two or more Brachyspira spp. was common, and weakly haemolytic 
species may contribute to colonic pathology (Komarek et al., 2009). It is not known whether mixed 
infections are of clinical significance in regards to swine dysentery, and whether multiple species 
may contribute to the pathogenesis of the disease.  
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 Due to the lack of robust diagnostic methods available for Brachyspira detection and gaps 
in our knowledge about mixed species infections, this study aimed to develop a method for 
simultaneous detection of Brachyspira species in clinical samples using deep sequencing of PCR 
amplicons from the NADH oxidase (nox) gene. This method was then used to describe mixed 
infections from pigs with swine dysentery, and aid in our understanding of the distribution of 
Brachyspira spp..  
 
4.3 Methods 
4.3.1 Brachyspira isolates, culture and DNA extraction 
The Brachyspira strains used in this study included B. hyodysenteriae ATCC 27164T, B. 
pilosicoli ATCC 51139T, “B. hampsonii” strain 30446, and “B. hampsonii” strain 30599. The 
type strains of B. hyodysenteriae and B. pilosicoli were obtained from the American Type Culture 
Collection. “B. hampsonii” 30446 and 30599 were originally isolated from diarrheic pigs in 
Western Canada (Costa et al., 2014b; Rubin et al., 2013a). These Brachyspira isolates have been 
stored long-term at -80°C in brain-heart infusion (BHI) broth (BHI, Becton Dickinson Canada, 
Mississauga, ON) containing 10% (v/v) glycerol. Strains from storage were cultured in JBS broth 
(BHI with 1% (w/v) glucose, 5% (v/v) fetal bovine serum, 5% (v/v) sheep blood), and the cultures 
were incubated anaerobically at 42°C with stirring.  
 Genomic DNA was extracted from cultures of Brachyspira by pelleting 1 mL of culture 
and following a modified salting-out procedure, as previously described (Martin-Platero et al., 
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2007). Concentration of the extracted DNA was determined using a Nanodrop spectrophotometer, 
and the DNA was stored at -20°C. 
4.3.2 Clinical samples 
Canadian samples were from cases of mucohaemorrhagic diarrhea that were submitted to 
our laboratory for diagnostics. Since 2009, clinical cases have been submitted from farms in 
Western Canada to determine if Brachyspira is present, and if so, what species, through culture, 
PCR and sequencing methods. This has resulted in a collection of tissues and/or isolates from 
nearly 1000 clinical cases, and from many of these cases nox sequences were obtained and are 
available in a sequence database maintained by our research group. From these cases, we chose 
samples to include in this study based on whether they were Brachyspira positive by any diagnostic 
method, and epidemiologically distinct, or from different farms. We included cases with results 
that suggested both infections caused by a single Brachyspira species, as well as possible mixed 
species infections. Upon original submission of fecal samples, total genomic DNA was extracted 
using the QIAamp DNA Stool Mini Kit, and then stored at -20°C. Archived fecal DNA extracts 
were available for this study.  
 Clinical case material from Brazil was generously donated by Roberto Guedes (Federal 
University of Minas Gerais). Fecal DNA samples collected from 20 pigs with mucohaemorrhagic 
diarrhea were received. Samples were received as DNA extracts in solution, and were shipped on 
dry ice. DNA was extracted in Brazil using the QIAamp DNA Stool Mini Kit, using 200 mg of 
feces per reaction.   
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 Clinical case material from Mexico was generously donated by Enrique Corona-Barrera 
(Universidad de Guanajuato). Fecal DNA extracts (n = 46) and DNA extracts from cultured 
isolates (n = 11) were received. All were collected from pigs with mucohaemorrhagic diarrhea and 
that were culture positive for Brachyspira. Each sample was from a different pig, and samples 
were from 39 different farms. The DNA was extracted in Mexico using the Qiagen QIAamp DNA 
Stool Mini Kit and stored at -80°C. DNA extracts were dehydrated using a SpeedVac for 30 
minutes, and dehydrated DNA samples were shipped. Once received, DNA was rehydrated with 
50 µl of TBE buffer, and stored at -20°C. 
 The suitability of genomic DNA extracts from clinical samples for PCR was confirmed 
using PCR targeting the pig cytochrome oxidase subunit 1 (cox1) gene. The primers are listed in 
Table 4.1, and each PCR reaction contained 1 x PCR reaction buffer (0.2 M Tris-HCl at pH 8.4, 
0.5 M KCl), 2.5 mM MgCl2, 200 µM dNTP, 400 nM each primer, 2.5 U Taq DNA Polymerase 
and 2µl of template DNA, in a final volume of 50 µl. PCR was performed in a thermocycler 
(Eppendorf Mastercycler) with the following program: 94°C for 5 min, 40 cycles of 95°C for 30 
s, annealing at 60°C for 30 s, and final extension of 72°C for 2 min. A no template control and 
positive amplification control (pig fecal DNA extract from an unrelated study) were included. PCR 
products were visualized on a 1% agarose gel by ethidium bromide staining. Only samples 
producing the expected PCR product were included in the study. 
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4.3.3 Construction of synthetic Brachyspira communities and quantitative real-time PCR 
Synthetic microbial communities were created by spiking known amounts of Brachyspira 
DNA into a background of fecal DNA known to be Brachyspira-free. To determine if the 
background fecal DNA contained Brachyspira, fecal DNA extracts (obtained from an unrelated 
study) were screened with PCR targeting the nox gene as previously described (Rohde et al., 2002). 
All negative samples were pooled together to create a uniform fecal DNA background.  
Quantification of genomic DNA from four Brachyspira isolates (B. hyodysenteriae ATCC 
27164T, B. pilosicoli ATCC 51139T, “B. hampsonii” strain 30446, and “B. hampsonii” strain 
30599), was achieved by qPCR and allowed known amounts of genomic DNA from each species 
to be added to the synthetic communities. Quantitative real-time PCR (qPCR) was performed using 
the primers described in Table 4.1, and as previously described. Briefly, qPCR was performed 
using the Bio-Rad MyiQ thermocycler with iQ SYBR green supermix (Bio-Rad Laboratories 
(Canada) Ltd., Mississauga, Ontario). All samples were tested in duplicate, and no template 
controls were included with each run. Quantification was achieved by using a serial dilution of a 
standard curve of plasmids containing the target sequence. After quantification, samples were 
diluted to produce solutions containing high, medium, or low levels of genomic DNA from each 
Brachyspira species. Two microliters of each dilution were added to the fecal DNA background 
(100µl fecal DNA) to produce Brachyspira “communities”. Three types of communities were 
created: communities with high levels (105 copies/µl) of one Brachyspira species and low levels 
(101 copies/µl) of the other three, communities with high levels of one species and medium levels 
(103 copies/µl) of the other three, and communities with equal levels (high, medium or low) of 
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each of the four species. Synthetic communities with a high level of one species with medium or 
low levels of the remaining three species were created to determine if we can detect mixed 
infections in a fecal background with variable levels of different species. Communities with all 
four species at high, medium, or low levels were created to elucidate whether there is any PCR 
bias with the nox primers. The synthetic communities underwent qPCR, as described above, to 
verify their composition.   
  
6
3
 
Table 4.1. Primer sequences used in this study.   
Gene Target Application Primer 
Name 
Primer Sequence (5`-3`) Annealing 
temperature 
Product size Reference 
cox1 Pig specific  JH0183 TCA TCG GGG CCC TAC GAG CA 60 278 (Hill, 
unpublished) JH0184 GGC GAA AGG TCC GGC TGC AT 
cpn60 Brachyspira 
hyodysenteriae 
SYBR assay 
 
JH0073 AGT GAA ATA GTT GCT CAT ATC AAA T 63 120 (Rubin et al., 
2013a) JH0074 GCA TCA CTG ATT AAA GAA CCA AT 
cpn60 Brachyspira 
pilosicoli SYBR 
assay 
 
JH0077 ACA ATG ATA AAG AGA TAG GTG CTT 60 111 (Rubin et al., 
2013a) JH0078 CTA ATG AAA GGC TAG TTT CTA ATG AT 
nox “Brachyspira 
hampsonii” 30446 
SYBR assay  
 
JH0224 TCG CTA AAT TAT TCC AAC AAG GA 60 215 (Rubin et al., 
2013a) JH0225 AAA CGC ATT TCT ATT CCA GCA 
hypothetical 
protein 
(Genbank 
accession 
WP_008726773) 
 
“Brachyspira 
hampsonii” 30599 
SYBR assay  
JH0436 AAA GTG CCA CAG GCA ATG TA 63 176 (Costa et al., 
2014b) JH0437 TGC AAG ATT AGA CGG AGC AA 
nox Brachyspira genus 
specific (with 
Illumina adapters 
added for deep 
sequencing) 
noxF_adaptor TCG TCG GCA GCG TCA GAT GTG TAT AAG 
AGA CAG TAG CYT GCG GTA TYG CWC TTT 
GG 
59 939 (Rohde et al., 
2002) 
noxR_adaptor GTC TCG TGG GCT CGG AGA TGT GTA TAA 
GAG ACA GCT TCA GAC CAY CCA GTA GAA 
GCC 
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4.3.4 Deep Sequencing and analysis 
Amplicons for deep sequencing of clinical samples and synthetic communities were 
produced through PCR using primers that are Brachyspira genus-specific, and target the nox gene 
(Rohde et al., 2002). PCR was performed as previously described, except Illumina adapters were 
added to the original primers (Table 4.1).  
The library preparation for the amplicons was performed following the 16S Metagenomic 
Sequencing Library Preparation protocol (Illumina, San Diego, CA). Amplicon PCR product 
clean-up was performed using the Qiaex II gel extraction kit from products visualized on a 1% 
agarose gel by ethidium bromide staining. The Index PCR product clean-up was performed as 
described in the protocol except 36 µl of the Ampure beads were used, due to the length of the 
amplicon being sequenced (1052 bp with 939 bp from the nox product and 113 from Illumina-
adapted primers). Average size of the final amplicon libraries was verified using the DNA High-
Sensitivity chip on the 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA) and the 
concentration was measured using the Qubit (Life Technologies, Inc., Burlington, ON). 
Sequencing was performed on the Illumina MiSeq using the 500 cycle (2 x 250) V2 Nano 
sequencing kit. PhiX DNA was loaded as an internal control as described, except 20% (v/v) was 
added to the library due to the expectation of low diversity libraries. 
Trimmomatic was used to process raw sequence reads using the following criteria: 
minimum length of 50 bp, average quality score of 15, and leading and trailing low quality of 3 
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(Bolger et al., 2014). Quality trimmed reads were mapped on to a set of seven reference sequences 
using Bowtie2 (Langmead and Salzberg, 2012). Reference genome sequences were obtained from 
NCBI Genbank for these seven Brachyspira species: B. hyodysenteriae strain WA1, “B. 
hampsonii” strain 30446, “B. hampsonii” strain 30599, B. intermedia strain PWS/A, B. pilosicoli 
strain P43/6/78, B. murdochii strain DSM 12563, and B. innocens strain B256. From the genomes, 
the full sequence of the nox gene were extracted for inclusion in the Bowtie2 index. Resulting 
SAM files were parsed to determine the abundance of reads corresponding to each species in each 
sample. 
Jackknifed Bray-Curtis dissimilarity was calculated using the Quantitative Insights Into 
Microbial Ecology (QIIME) package (Caporaso et al., 2010) to assess beta diversity. A Principal 
Coordinate Analysis plot (PCoA) was generated using the to visualize the Jackknifed Bray-Curtis 
dissimilarity, where each point in the PCoA plot represents a clinical case. Samples that contain 
the most similar Brachyspira communities cluster together. Comparison of the Brachyspira 
community composition between samples was clustered by Jensen-Shannon, and heatmap3 
package of R to generate the heatmap image (Zhao et al., 2014).  
4.4 Results 
4.4.1 nox amplicon sequence similarity 
The genus-specific primers targeting the nox gene produce an amplicon with a size of 939 
bp, and with the added Illumina-adapted primers 1052 bp. When sequencing amplicons with the 
Illumina MiSeq platform, the technology produces relatively short read lengths, and so is not 
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conducive to the 1052 bp amplicon. Sequences would be obtained on each end of the amplicon, 
though it is not known how informative each end would be or how suitable the ends would be for 
species resolution compared to the full amplicon sequence. Bioinformatically, we compared the 
sequence similarity of the full-length nox amplicon, the first 200 bp and the last 200 bp.  
All nox sequences were obtained from our database of clinical and reference strains 
(n=212), and were aligned using ClustalW (Larkin et al., 2007). The aligned sequences were 
trimmed to 869 bp, and any shorter sequences were excluded leaving 155 sequences after 
trimming. BLASTClust was used to remove identical sequences, resulting in 70 unique nox 
sequences. Pairwise similarity, or percent identity, between the 70 unique nox sequences was 
determined using GeneDoc. Pairwise comparisons were done for the full amplicon sequences, the 
first 200 base pairs and the last 200 base pairs. The distributions of pairwise sequence identities 
are shown in Figure 4.1. 
The full nox amplicon had a median pairwise percent identity of 90%, an average percent 
identity of 90% and a standard deviation of 3.2%. The first 200 bp of the nox amplicon had a lower 
median percent identity at 88% (average of 89% with a standard deviation of 4.3%), while the last 
200 bp had a higher median percent identity at 93% (average of 92% with a standard deviation of 
4.7%). The full nox sequences were selected to be unique, and therefore there were no identical 
pairwise comparisons of 100% in this category. The first and last 200 bp of the nox sequence had 
45/2415 and 38/2415 comparisons with 100% identity, respectively. These results indicate that in 
98% of cases, 200 bp from either end of the nox amplicon sequence is sufficient to discriminate 
among these 70 Brachyspira isolates. 
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Figure 4.1. The percent identity of 70 pairwise comparisons of full-length nox gene 
sequences, the first 200 bp, and the last 200 bp. 
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4.4.2 Limit of detection of conventional nox PCR and synthetic communities 
Conventional nox PCR is commonly used to detect and identify Brachyspira within clinical 
cases of mucohaemorrhagic diarrhea. To utilize deep sequencing of the nox target for diagnostic 
purposes, it is required to be able to produce visible amounts of PCR product for purification and 
sequencing. Understanding the lower limits of Brachyspira required to be detectable by 
conventional nox will also aid in interpreting what detection through deep sequencing means in 
terms of actual abundance. 
To determine the visual detection limits of conventional nox PCR, various concentrations 
(100 to 107 copies/µl) of Brachyspira genomic DNA were used in the standard nox PCR protocol, 
and the products were visualized on an agarose gel. Four different Brachyspira species were used: 
B. hyodysenteriae, B. pilosicoli, “B. hampsonii” strain 30446 and “B. hampsonii” strain 30599. 
To determine the effects of a fecal DNA background on detection limits, Brachyspira genomic 
DNA dilutions of each species were either spiked with a fecal DNA background from a 
Brachyspira-negative pig or not, and nox PCR was performed and products were visualized on an 
agarose gel (Figure 4.2).  Lower levels of Brachyspira DNA could be detected without the fecal 
DNA background, than with the fecal DNA background.  The lowest level detected 102 copies/µl 
of B. pilosicoli with no fecal DNA background.   
The synthetic communities were created with high, medium, or low levels of four different 
Brachyspira species. High levels of Brachyspira contained 105 copies/µl, medium levels 103 
copies/µl and low 101 copies/µl. To verify the composition of the synthetic communities, species 
specific qPCR was performed, and the amount detected in each community reflected what was 
spiked in (Table 4.2).  
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Figure 4.2. B. hyodysenteriae, B. pilosicoli, “B. hampsonii” 30446, and “B. hampsonii” 30599 
genomic DNA dilution curves from 107 to 100 copies/µl visualized on an agarose gel.  
The standard nox PCR protocol was used on a dilution series of genomic DNA from four 
Brachyspira species, with no additional DNA and with a fecal DNA background spiked in.
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Table 4.2. The amount of each Brachyspira species in the synthetic Brachyspira communities 
as determined by qPCR.   
The rows highlighted with green indicate high levels of one Brachyspira species, and low levels 
of the other three species were added to the synthetic community. Purple indicates high levels of 
one species, and medium of the remaining three. Blue indicates all four species were added at the 
same level. In S9 all four species were added at high levels, S10 at medium levels, and S11 at low 
levels. The bold numbers indicate high levels of that Brachyspira species were added in the 
identified synthetic community.  
Synthetic 
Community 
Log10 copies* per µl 
B. hyodysenteriae B. pilosicoli 
“B. hampsonii” 
30446 
“B. hampsonii” 
30599 
S1  6.7 2.4 1.8 2.1 
S2  2.4 6.0 2.0 1.7 
S3  3.4 1.9 6.1 1.7 
S4  2.3 1.8 1.9 5.5 
S5  6.9 3.9 4.0 3.4 
S6  4.6 6.0 4.1 3.2 
S7  4.7 3.9 6.1 3.2 
S8  4.6 4.0 4.0 5.2 
S9  6.8 6.2 6.2 5.3 
S10  4.7 4.0 4.1 3.2 
S11  2.7 1.8 1.8 1.8 
*Average of two technical replicates.  
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4.4.3 Deep sequencing of synthetic communities and clinical samples 
Deep sequencing of both the synthetic communities and the clinical cases was performed 
on the Illumina MiSeq. The method was used to sequence nox amplicons from the fecal DNA 
extracts of 110 clinical cases of mucohaemorrhagic diarrhea and 11 synthetic communities 
containing different ratios of four Brachyspira species as described in Table 4.2. The samples were 
divided into two groups, each containing 55 samples for two separate sequencing runs. Each 
sequencing run contained the 11 synthetic communities, resulting in each run containing a total of 
66 samples and the synthetic communities being sequenced twice. 
 For the first run, a total of 426,943 sequence reads were obtained, ranging from a minimum 
of 130 reads to a maximum of 81,647 reads, and an average of 6469 reads per sample. After quality 
trimming, a total of 405,069 reads remained for analysis. The second run produced a total of 
582,742 sequence reads, ranging from a minimum of 3009 reads to a maximum of 26,371 reads 
per sample and an average of 8829 sequence reads. After quality trimming, 512,597 sequence 
reads remained for analysis. For each run, only samples with a minimum of 1000 reads were used 
in further analysis.   
 Mapping the sequence reads using Bowtie2 on to the set of seven reference nox sequences 
resulted in 4% to 99% of reads mapped per sample. Manual inspection of a subset of unmapped 
reads indicated that they correspond to non-target sequences. Samples with mapping rates below 
55% were excluded from further analysis. After mapping, sequences from 89 clinical samples and 
the 11 synthetic communities (sequenced in duplicate) remained for further analysis.  
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4.4.4 Brachyspira communities from synthetic communities 
From the Bowtie2 results, we obtained species identification of Brachyspira present and 
their abundance from each sample (Figure 4.3). The first four synthetic communities (S1 to S4) 
contained one Brachyspira species spiked in at a high level, and the additional three species at low 
levels. The Brachyspira community determined by deep sequencing reflected its composition, 
where the species spiked in at high levels comprised at least 98% of the community in each case. 
Synthetic communities S5 to S8 contained one species spiked in at high levels, and the remaining 
species at medium levels. Similarly to communities S1 to S4, communities S5 to S8 contained the 
species spiked in at high levels as the highest proportion of the Brachyspira community, except in 
the case of “B. hampsonii” strain 30599, where it was not the dominant species. Communities S9, 
S10 and S11 contained all four Brachyspira species at high, medium, and low levels, respectively. 
In these communities, all four species were detected though there was negative bias towards “B. 
hampsonii” strain 30599. In the three communities, “B. hampsonii” strain 30599 comprised 1-2% 
of the community, despite all four species were present at comparable levels. 
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Figure 4.3. Proportion of four different Brachyspira species present in synthetically created 
communities. 
Two separate sequencing runs shown as A and B. The colored bars above the columns indicate the 
structure of the synthetic community. Bars with green indicate high levels of one Brachyspira 
species, and low levels of the other three species were added to the synthetic community. Purple 
indicates high levels of one species, and medium of the remaining three. Blue indicates all four 
species were added at the same level. In S9 all four species were added at high levels, S10 at 
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medium levels, and S11 at low levels. The bold numbers indicate high levels of that Brachyspira 
species were added in the identified synthetic community.  
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4.4.5 Brachyspira communities from clinical cases 
Mexican samples were dominated by B. hyodysenteriae or B. pilosicoli (Figure 4.4). The 
samples from Brazil were all dominated by B. hyodysenteriae and had proportionally very little of 
any other Brachyspira species (Figure 4.5). Over 98% of all the Brachyspira detected in Brazilian 
samples was B. hyodysenteriae. In all the samples from both Mexico and Brazil, however, there 
were multiple species detected in every clinical sample, ranging from 4 to 7 different species, 
including “B. hampsonii”. The maximum proportion of “B. hampsonii” detected, however, was 
only 0.7% in the Brazilian samples. Somewhat more appreciable levels were detected in the 
Mexican samples, ranging from 0.1-29% in all 31 samples where it was detected. 
Cultured isolates from four of the Mexican clinical cases (M21, M22, M30 and M31) had 
been provisionally identified as Brachyspira spp.. Standard nox PCR was performed on provided 
DNA extracts from these isolates using genus-specific primers as previously described (Rohde et 
al., 2002), to verify the culture samples were Brachyspira. PCR products were purified using the 
Qiagen PCR product purification kit and sequenced using the amplification primers, and sequences 
were compared using BLASTn to our Brachyspira nox sequence database for species 
identification. The four culture isolates were all identified as B. hyodysenteriae. B. hyodysenteriae 
comprised 79%, 54%, 47% and 29% of the total Brachyspira detected by deep sequencing of nox 
amplicons from the corresponding clinical samples, respectively (Figure 4.4).  
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Figure 4.4. Proportion of each community that is comprised of different Brachyspira species 
for each Mexican clinical case (n=31).  
The coloured triangles represent the Brachyspira species identified through sequencing of the nox 
gene for culture isolates. For example, the case M20 had an accompanying culture isolate that was 
identified as B. hyodysenteriae.  
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Figure 4.5. Proportion of each community that is comprised of different Brachyspira species 
for each Brazilian case (n=11). 
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The Canadian samples were dominated by a range of different Brachyspira species (Figure 
4.6). “B. hampsonii” strains dominated, or composed over 50% of the community, in 18 samples. 
For the Canadian cases, we had access to records for the original diagnosis of which species were 
detected when the sample was originally submitted. The results from the database are represented 
as the coloured triangles below the bars in Figure 4.6. In all cases, the species detected in the 
original diagnostic testing were also detected by deep sequencing of nox amplicons. In 43 out of 
47 cases, the species reported in the original diagnostic investigation accounted for over 50% of 
the sequence reads, or dominated the profile. Diagnostic testing of clinical cases C139 and C68 
identified “B. hampsonii” strain 30599, but the community profiles from these samples were not 
dominated by this species, which accounted for 49% and 31% of the communities, respectively. 
B. innocens was found diagnostically in clinical case C114, and sequences corresponding to this 
species comprise 41% of the community profile for this sample. The community profile of clinical 
case C97 was dominated by “B. hampsonii” strain 30599 at 76%, however “B. hampsonii” strain 
30599 was not identified during the original diagnostic investigation. Instead, diagnostics 
identified B. pilosicoli and B. intermedia, which both combined accounted for only 4% of the 
community as determined through deep sequencing. 
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Figure 4.6. Proportion of each community that is comprised of different Brachyspira species 
for each Canadian clinical case (n=47). 
The coloured triangles represent the reported diagnosis based on selective culture and PCR 
diagnostics. For example, the first case C144 was originally diagnosed as B. hyodysenteriae.  
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 Cluster analysis of the clinical cases indicated they differ by country of origin (Figure 4.7 
and 3.8). The heatmap demonstrates the communities cluster based on which Brachyspira 
dominates the community. B. hyodysenteriae dominated profiles were identified in samples from 
all three countries, while “B. hampsonii” dominated profiles were observed only in Canadian 
samples. The PCoA plot (Figure 4.8) further illustrates the greater diversity among profiles of the 
Canadian samples than either the Mexican or Brazilian samples. 
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Figure 4.7. Cluster analysis of Brachyspira communities based on the proportion of different 
Brachyspira species present in each sample. 
Each column, or branch of the tree, represents a sample and the colored bars for each column 
indicate which country the sample originated. The shading for each Brachyspira species 
demonstrates the relative proportion present in the community, where darker shades of red 
represent a high proportion.  
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Figure 4.8. Principal Coordinates Analysis based on Bray-Curtis dissimilarity values.  
Variable include the country of origin of the clinical cases, and the distribution demonstrates 
sample similarity.  
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4.5 Discussion 
Sequencing of microbial communities, using gene targets such as the cpn60 universal target 
or the 16S rRNA gene, is a common way to get a view of the microbiome or a big-picture view of 
the types of bacteria present in different samples. This method targeting the cpn60 universal target 
has previously been used to investigate the fecal microbiota of pigs with mucohaemorrhagic 
diarrhea resulting from experimental inoculation with “B. hampsonii”. It was found that 
Brachyspira is present at such low levels, with respect to rest of the microbial community, that the 
number of sequence reads in the data corresponding to Brachyspira was extremely low (Costa et 
al., 2014a). Thus, to investigate the types of Brachyspira present in the microbial community of 
affected pigs, a more selective approach was needed to enrich PCR product libraries for 
Brachyspira sequences. We followed the same sequencing method with a different gene target: 
the NADH-oxidase gene, or nox, which is commonly used for Brachyspira detection and 
identification.   
 The nox gene target, to our knowledge, has not been previously used for microbiome 
sequencing though it has been used extensively for Brachyspira species identification (Chander et 
al., 2012; Fellstrom et al., 2008; Hidalgo et al., 2010; Jansson et al., 2008; Martinez-Lobo et al., 
2013; Patterson et al., 2013; Rohde et al., 2014; Rubin et al., 2013b). The nox target is suitable for 
Brachyspira identification because it different enough to distinguish between different species, yet 
is conserved and found ubiquitously among Brachyspira, and can be amplified with genus-specific 
PCR primers (Rohde et al., 2002). The 939 bp PCR product is, however, larger than the optimal 
fragment size for sequencing on the MiSeq platform, where only approximately 200 base pairs 
from each end of the target would be sequenced. Long amplicon targets can be sequenced in small 
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pieces and subsequently assembled into contigs often by shearing the larger amplicon into smaller 
fragments (Feng et al., 2016; Karlsson and Westerdahl, 2013; Kozich et al., 2013). However, the 
nox amplicon is not sufficiently large for shearing, and so this method may not be suitable. Instead, 
we investigated each end of the nox amplicon sequence to use the ends for identification, rather 
than relying on the full amplicon sequence.  
  Bioinformatically, we determined the resolving power of the first 200 base pairs and last 
200 base pairs compared to the full nox target. Based on the percent identity of pairwise 
comparisons (Figure 4.1), the similarity between the regions follows the same trend, although the 
last 200 base pairs may have slightly less differentiation power. Pairwise comparisons of 70 unique 
nox sequences demonstrated that pairwise comparisons of the full target had an average identity 
match of 90%. Pairwise comparisons of the first 200 bp had an average identity of 88%, and the 
last 200 bp 93%, thus providing a similar level of differentiation as the full nox target.  
 Another challenge of implementing deep sequencing of the nox gene is understanding how 
much of the actual Brachyspira community we are detecting. To investigate this issue, synthetic 
bacterial communities containing known amounts of genomic DNA from species of interest were 
created and sequenced. The synthetic communities contained a background of fecal DNA with 
spiked in Brachyspira DNA from different species, and each species was spiked in at high, medium 
or low levels. Sequence based Brachyspira profiles from the synthetic communities generally 
represented what went into the sequencer based on the qPCR results. The communities that had 
one species spiked in at a high level were dominated by that species. Synthetic communities S9, 
S10, and S11 had all four Brachyspira species spiked in at the same level. These communities 
illustrated that “B. hampsonii” strain 30599 was detected at a lower level than the other species. 
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This suggests that the nox primers, although they are “universal”, may have a negative bias towards 
“B. hampsonii” strain 30599, or clade I. In a study in the USA, “B. hampsonii” clade I was isolated 
more frequently from clinical cases than clade II. In composing a collection of isolates selected to 
represent “B. hampsonii” strains in circulation, the authors included 45 clade I and 21 clade II 
isolates (Mirajkar et al., 2015). Alternatively, isolates obtained from Canadian clinical cases 
highlighted a higher prevalence of clade II isolates (Perez et al., 2016). The higher prevalence of 
Clade II in Canada could be due to a higher level of this Clade in circulation, or the lower detection 
of Clade I could be due to inefficiencies in detection, especially in mixed infections. When 
presented with an equal mix of clade I and clade II, clade I could be missed (Figure 4.3). “B. 
hampsonii” strain 30599, or Clade I, may be present more frequently and at higher levels than 
current diagnostic methods based on nox PCR may suggest.  
 The synthetic communities gave us an understanding of what levels of Brachyspira we 
would be able to detect using this sequencing method. From Mexico and Brazil, samples were 
dominated mostly by B. hyodysenteriae. Some Mexican samples were also dominated by B. 
pilosicoli. As B. hyodysenteriae is the historically causative agent of swine dysentery, it is not 
surprising to have it present at large levels in these communities. Previous reports have identified 
Brachyspira as being present in Brazil. B. hyodysenteriae and B. pilosicoli were both identified, 
along with unidentified weakly haemolytic isolates (Barcellos et al., 2000), and mixed infections 
with multiple Brachyspira species (Viott et al., 2013). Currently, there is a lack of information 
regarding Brachyspira prevalence in Mexico and whether any “B. hampsonii” strains are present 
in either Brazil or Mexico. “B. hampsonii” has been isolated from pigs in Belgium and Germany 
(Mahu et al., 2014; Rohde et al., 2014), as well as migrating waterfowl (Aller-Moran et al., 2016; 
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Martinez-Lobo et al., 2013), including birds in North America (Rubin et al., 2013b). Our finding 
of “B. hampsonii” in swine fecal samples from Mexican pigs is thus perhaps not surprising.  
While we were able to detect “B. hampsonii” in the clinical cases from Mexico and Brazil 
through deep sequencing, some were present at extremely low levels. Brazilian cases contained 
“B. hampsonii” at uniformly low levels, ranging from 0.1 to 0.7% of the community, which has 
the potential to be due to contamination. “B. hampsonii” in Mexican cases comprised 0.1% to 
29% of the proportion of the communities, with a median of 4%, suggesting that in Mexico, while 
it may be present it likely is not a driving factor behind the disease or present at clinically 
significant levels. While “B. hampsonii” may not be a dominant cause of disease in Mexico at this 
time, there is potential for its emergence as a clinically and economically significant pathogen 
considering its proximity to the United States. A limitation of the samples used in this study is that 
there were no DNA extractions controls included, and DNA extractions were used as received. It 
cannot be ruled out that there is the possibility of laboratory contamination during preparation of 
samples for PCR and sequencing in our laboratory.  
Samples from Canadian clinical cases vary greatly in their Brachyspira composition. They 
have more variation compared to Mexico and Brazil, and the Canadian cases are dominated by a 
range of different species. Differences between the countries could reflect Brachyspira species 
distribution and/or differences in management practices between countries. For example, in 
Canada pigs are raised in different barns and/or farms during different stages of their growth 
whereas in Mexico, the pigs included in this study were raised on farrow-to-finish farms.  
 All clinical cases, from all three countries, contained multiple Brachyspira species though 
one species typically dominated the community. Traditionally diagnostics attribute one pathogenic 
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species as being responsible for the disease outcome, though there have been reports of multiple 
Brachyspira species being detected from a single sample (Komarek et al., 2009; La et al., 2016b; 
Rasback et al., 2005; Rohde et al., 2002; Viott et al., 2013). These communities with a variety of 
Brachyspira species present demonstrate it is possible that multiple species could contribute to the 
disease outcome. During inoculation trials of “B. hampsonii”, not all infected pigs displayed 
clinical symptoms of swine dysentery (Costa et al., 2014b; Rubin et al., 2013a). “B. hampsonii” 
alone may not have full pathogenic power, but being complemented with other Brachyspira spp., 
including traditionally “non-pathogenic” species, may provide support and contribute to disease 
pathogenesis. Alternatively, the presence of multiple species may reflect a gut microbiome 
environment suitable for the pathogenic species and for similar selection of its close relatives, 
which may simply be non-pathogenic bystanders. Multiple species inoculation trials, as opposed 
to single species trials, would provide insight as to whether multiple species contribute to the 
pathogenesis of swine dysentery.  
 
4.6 Conclusions 
Deep sequencing of the nox gene target is a suitable method to describe the composition of 
Brachyspira species in the fecal microbial community. The technique was used to investigate 
synthetic Brachyspira communities and clinical cases of swine mucohaemorrhagic diarrhea from 
Western Canada, Mexico and Brazil. Pigs with disease were frequently colonized by multiple 
species of Brachyspira. “Brachyspira hampsonii” was detected in both Mexican and Brazilian 
samples though at low levels and communities were not dominated by this species, suggesting it 
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may not be clinically significant. Synthetic Brachyspira communities revealed a negative primer 
bias towards “B. hampsonii” strain 30599 (Clade I), which has implications for diagnostic 
detection of these pathogens.  
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5 General discussion 
5.1 Summary and limitations of these works 
5.1.1 Comparative genomics of “B. hampsonii” strains reveals gene content differences 
“B. hampsonii” is a novel Brachyspira species that is associated with the re-emergence of 
Brachyspira-associated disease in Canada and the United States. Genome sequences for 
pathogenic “B. hampsonii” strain 30446 and non-pathogenic “B. hampsonii” strain KL-180 were 
available, and allowed for comparative genomics approach to be used to identify gene content 
differences, which could correlate to putative virulence factors.  
Chapter two highlights gene content differences identified between pathogenic and non-
pathogenic Brachyspira. The genome annotation through the RAST server identified 25 genes 
unique to the pathogenic strain 30446 and 11 genes unique to the non-pathogenic strain KL-180. 
The annotation from JGI-MGAP revealed a set of 25 genes, unique to pathogenic strains of “B. 
hampsonii” 30446 and 30599, as well as B. hyodysenteriae, but absent in the “B. hampsonii” KL-
180. Very similar distributions of COGs were observed between the genomes, suggesting the 
differing pathogenicity of the strains is due to small genomic differences. However, only 50-59% 
of the genes from each genome were classified into COG categories. Brachyspira is not well 
characterized, making identifying genes difficult. Many differences between the genomes 
correspond to “hypothetical proteins”, making it impossible to know whether those differences 
could be important to Brachyspira-associated disease.  
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 One set of genes found to be present in the pathogenic “B. hampsonii” strain 30446 and 
absent in the non-pathogenic “B. hampsonii” strain KL-180 through genome annotation 
corresponds to the sag operon. PCR assays were created to screen epidemiologically distinct “B. 
hampsonii” strains and Brachyspira ATCC strains for the sag genes.  sagA was not detected in 
“B. hampsonii” strains D12-32529 and D13-06010, and sagG and sagI were not detected in “B. 
hampsonii” strain D13-06010. All the genes were detected in ATCC strains for B. murdochii, B. 
innocens and B. hyodysenteriae, and sagA and sagD were not detected in B. pilosicoli. It was 
unexpected to detect the sag genes species considered non-pathogenic, such as B. innocens. 
However, this study only looked for the detection of ORFs and did no explore expression or 
function of sag genes. It is possible the genes are present in non-pathogenic Brachyspira strains 
though may not be expressed.  
The comparative genomics utilized a pathogenic and non-pathogenic strain of “B. 
hampsonii”. The non-pathogenic “B. hampsonii” strain KL-180 was isolated from a lesser snow 
goose, and through swine inoculation trials, was demonstrated to be non-pathogenic in pigs. The 
pathogenicity of the other “B. hampsonii” strains that were screened for the sag genes (besides 
strains 30446 and 30599) have not been experimentally demonstrated to be pathogenic. Their 
pathogenicity is assumed because they were isolated from pigs with disease. The comparative 
genomics would have been strengthened with more non-pathogenic representatives. Additional 
isolates, similar to KL-180, were not viable after freezer storage. Additional Brachyspira isolates 
could be obtained from snow geese and other reservoirs (such as rodents), to hopefully isolate 
additional non-pathogenic “B. hampsonii” strains which would strengthen the comparative 
genomics analysis.  
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5.1.2 Deep sequencing of fecal DNA from clinical cases of Brachyspira-associated disease 
reveal multiple Brachyspira spp. infections are common 
The results in Chapter 3 demonstrated that mixed Brachyspira spp. infections are common 
in clinical cases of mucohaemorrhagic diarrhea. Deep sequencing of cases from Western Canada, 
Brazil, and Mexico showed that Brachyspira profiles from each country differed. Brazilian profiles 
were dominated by B. hyodysenteriae. Mexican profiles were dominated by B. hyodysenteriae and 
B. pilosicoli, and Canadian samples were dominated by a range of Brachyspira spp.. Canadian 
profiles included samples dominated by “B. hampsonii”, the species which has been an important 
factor in the re-emergence of disease in Canada and the United States. Samples obtained for this 
study were used as they were received, and did not include DNA extraction controls which is a 
significant limitation of this study. “B. hampsonii” was detected at extremely low levels in the 
Brazilian samples and some Mexican samples, but it could likely be due to contamination. With 
DNA extraction controls, contamination during processing in the lab could have been better 
accounted for.  
5.2 Discussion of future prospects 
The work described in Chapter 2 focused on identifying putative virulence factors using a 
comparative genomics approach. This work is relevant as much about Brachyspira pathogenesis 
and virulence factors are not currently understood. Improved understanding of the genomic 
components of Brachyspira would aid in identifying putative virulence factors. Many genes 
identified through the comparative genomics approach were labelled as hypothetical proteins, and 
as such it is difficult to identify important components. Additionally, studying the expression of 
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genes identified as putative virulence factors will aid the understanding of their importance in 
Brachyspira infection. One set of genes that would benefit from such work is the sag-like genes 
identified in pathogenic Brachyspira in Chapter 2.  
In Chapter 3, deep sequencing of fecal DNA from pigs with mucohaemorrhagic diarrhea 
showed that mixed Brachyspira infections are common. Current diagnostic methods often attribute 
disease with one pathogenic Brachyspira species, though it is possible multiple species could play 
a role in disease outcome. The pathogenicity of single Brachyspira isolates has been demonstrated 
through inoculation trials for many species. During these inoculation trials, pathogenic 
Brachyspira species do not universally cause disease and a proportion of pigs do not show clinical 
signs. Inoculation trials with multiple Brachyspira species at once would help describe whether 
multiple species, or specific combinations of species are important to disease development.  
Additionally, in this chapter a new method of deep sequencing of the nox gene target was 
described which could be a useful diagnostic tool. This method allows for simultaneously detection 
of all Brachyspira species, rather than identification of a single species. With sequencing costs 
becoming economical, this may be a useful tool for swine producers, veterinarians and researchers.  
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